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ABSTRACT
Altering an Epoxy-Amine Thermoset’s Performance Through Varying Mix Ratios
Kiersten Smith

Epoxy resins are used in a number of different industries and therefore have applicationspecific material requirements, from satellites that require materials that operate in space, to
paints and coatings that require high scratch resistance and mechanical durability, to medical
devices, designed to be in continuous contact with biological fluids. Commercial epoxy products
come with manufacturer’s information explaining the epoxy properties and recommended
preparation processing conditions, which may include epoxy resin to curing agent mix ratio (Part
A : Part B), cure time, and cure temperature, for example. Due to proprietary reasons, it can be
difficult to understand why these values are provided, and more importantly, the consequences
when deviating from the prescribed recommendations. When manufacturing bioprocessing
products for the medical field, a company is under a limited capacity to change materials of
construct. Determining how to modify the processing conditions in order to control the material
properties of an epoxy would benefit bioprocessing product manufacturers as it would allow them
to use the same epoxy that meets the different application-specific requirements of different
products.
Five different epoxy systems that were designed for medical applications were
characterized to determine how variations in preparation and processing conditions, such as mix
ratio (by weight) and cure conditions, affect the final properties of the cured epoxy, including:
glass transition temperature, chemical resistance, and coefficient of thermal expansion. For each
system, it was found that one mix ratio would produce a material with a maximum glass transition
temperature, while changing the mix ratio with either excess Part A epoxy resin or excess Part B
amine curing agent would result in a decrease in the glass transition temperature. A higher glass
transition temperature indicates higher crosslink density, as a more tightly crosslinked network
requires more thermal energy to reach the “rubbery” phase. This mix ratio did not always coincide
with the manufacturer’s specifications, suggesting that these recommendations are potentially
application specific. While variations in the curing agent’s chemical composition impacted the final
material properties of epoxy, as expected, it was also found that varying the mix ratio and
annealing conditions resulted in changes in epoxy material properties. A wide range of
experiments provided critical data that supported the idea that a single epoxy formulation can be
used to produce epoxy materials with varied performance properties through modifications in the
preparation and processing conditions, while still remaining usable to manufacture products.
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1. INTRODUCTION
1.1. Epoxy Applications in Different Industries
The first to introduce epoxy thermoset chemistry were Swiss scientist Pierre Castan of
De Trey Feres and US scientist Sylvan Greenlee of DeVoe and Raynolds.1–6 The two scientists
were working independently, but almost simultaneously discovered the significance of reacting
bisphenol A with epichlorohydrin to produce an epoxy resin.2–5 In 1938, Castan applied for a
patent for denture materials in which he describes the synthesis of diglycidyl ether of bisphenol A
from epichlorohydrin and bisphenol A.2 Greenlee applied for a patent in 1943 describing a
process similar to Castan, but achieving a higher molecular weight resin.2 Epoxy resins were
initially developed for experimental use as surface and non-surface coatings.4 Around 1946, Shell
Chemical released the first commercialized epoxy resin sourced from epichlorohydrin and
bisphenol A to create a resin referred to as digycidyl ether of bisphenol A (DGEBA) (Figure 1).2,4,5
Since then, a variety of epoxy chemistries have been developed and incorporated into the
manufacturing of a number of different products.
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Figure 1. Scheme of epichlorohydrin and bisphenol A to make DGEBA.
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Epoxy has become a staple material in a range of different applications. Each industry
has its own set of requirements and regulations that must be followed in order to produce a
product that will perform adequately and safely; therefore, some epoxy chemistries are more
advantageous in one field over another due to the unique performance of each chemistry. For
example, the biopharmaceutical industry uses various products containing epoxy that performs as
an adhesive. These types of products must meet strict FDA regulations that have been created to
maintain health and safety in medical devices. In developing new devices to be utilized in the
biopharmaceutical industry, one of the requirements is that they must be tested for leachable and
extractable components according to ISO 10993. This test generally consists of analytical
techniques that identify any chemical components in a medical device that has the potential to
raise toxicity concerns (ISO 10993). For this reason, it is important that the epoxy used in
bioprocessing or medical applications do not have any toxic components that may leach out of
the final product during use, and that the material does not have fast degradation rates under
elevated temperatures and humid conditions, such as during steam-in-place or autoclave
sterilization methods. Additional examples of epoxy applications and the required properties in
various industries are shown in Table 1, while the predicted growth of the epoxy market split by
industry is provided in Figure 2. As a result of all the different requirements an epoxy must meet
in order to perform as a successful material, it is of extreme importance that the epoxy
performance properties can be controlled to meet any set of desired requirements.
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Table 1. Epoxy Performance Property Requirements7
Industry

Application

Requirement

Example
Commercial
Epoxy

Water
Treatment

Removal of bacteria
from water using
filters made with
epoxies

Low leachables/extractables of chemicals
that could raise toxicological concern

Masterbond
EP42HT-2FG

Medical

Adhesive to bind
components

Electronics

Encapsulation

Paint/Coating

Water vessel coating
with thin film epoxy
coating

Low leachables/extractables to prevent
negative impacts to marine life; mechanical
durability under salt conditions

West System
105 Epoxy
Resin

Automotive

Adhesive use to bind
plastics and metals

Rapid cure time; high impact, shock, and
vibration resistance; long term mechanical
durability over a range of temperatures

Masterbond
EP21TDCHT

Aerospace

Coatings, structural
materials, structural
adhesives

Extreme high and low temperature stability;
moisture resistance; mechanical strength,
compatibility with fiber reinforcement fillers
and materials; low CTE; low degassing

Masterbond
EP51FL

Renewable
Energy

Coating

UV stability, electrical insulation, thermal
resistance

Masterbond
Supreme
11AOHT

Electric/
Electronic

Adhesive

Electrical insulation; mechanical strength;
thermal and chemical resistance; ultrapure,
low-chlorine grade (sometimes)

Masterbond
EP21FL

Construction

Concrete bonding

Withstand weathering; quick curing; low
shrinkage; minimal change in physical
properties with aging

Sikadur 32 HiMod

Low leachables/extractables of chemicals
that could raise toxicological concern
Sterilizable
Biocompatible
Low CTE, low outgassing, high Tg, shock and
vibration resistance, thermal cycling
resistance, rapid cure

Henkel Loctite
EA M-31CL
ResinLab
EP691F

Figure 2. An example of how epoxy application has been projected to grow until 2024.8
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1.2. Basic Epoxy Chemistry
Epoxies are generally referred to as thermoset polymers: a category of polymers formed
via a curing process in which the polymer is irreversibly hardened from a liquid to solid state.9,10
They are composed of one or more monomers and at least one monomer has three or more
reactive groups.9 This high functionality contributes to the three dimensional, crosslinked network
that forms the final cured material.11 Thermoset epoxy systems consist of a mixture of epoxy resin
and curing agent; catalysts are typically incorporated in the curing agent formulation to accelerate
the cure reaction rate.
Epoxy resins are characterized by the presence of the reactive epoxy groups—also
referred to as epoxide or the IUPAC name, oxirane.5,7,12 The oxirane group is a cyclic ether
composed of a three membered ring of one oxygen atom and two carbon atoms (Figure 3).
Epichlorohydrin is the most common source of the oxirane functional group and can be reacted
with a number of co-reactants to produce an epoxy resin with an aliphatic, cycloaliphatic, or
aromatic backbone attached to the oxirane.5–7,12 This resin can be self-reactive, but more often
epoxy formulations include a curing agent, or hardener, with which it reacts to form a highly
crosslinked network, sometimes with the assistance of carefully chosen catalysts.6,7,12 Oxiranes
are extremely reactive due to the high ring strain in the three-membered ring that leaves the
group highly susceptible to ring-opening SN2 nucleophilic attacks on the less sterically hindered
carbon in the ring (Figure 4).6,13,14 The reaction can be self-promoted or catalyzed to increase the
rate of reaction.7,12 For example, amines (primary and secondary), which are commonly used in
epoxy formulations, often exhibit both catalyzed and self-promoted reactions within the same
formulation.7,11,12 Primary amines react with epoxide groups to form secondary amines, which
react to form tertiary amines. Tertiary amines do not react with epoxides, but they can catalyze
reactions with less substituted amines. Hydroxyl groups—which act as catalysts—are also
formed during the amine-epoxy ring opening reaction.7,11,12 As the epoxy cures, it has been found
that the formation of hydroxyl groups and tertiary amines rapidly increases the cure rate as the
rapid, catalyzed amine-epoxy reaction dominates over the slower self-promoted reaction.12,13
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Figure 3. General structure of oxirane functional group.
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Figure 4. Reaction mechanism of a general nucleophilic attack on an oxirane functional group.

Due to the reactivity of oxiranes with other functional groups, it is often essential that
epoxy formulations are stored in a two-package (2K) containment so that the two parts remain
separated and ready to be mixed right before application.7,12 This high reactivity is what gives
epoxy formulations such a short pot-life or working time in which the epoxy can be used or
applied. The faster the curing reaction takes place, the shorter the pot-life. It has been found that
the viscosity of the epoxy mixture drops initially due to the heat either introduced to the system to
facilitate curing or from the heat produced by the exotherm of the curing reaction, as shown in
Figure 5.15,16 As the system approaches the gel point at the end of the pot-life, the viscosity
rapidly increases to extremely high values.15 Beyond this point it becomes extremely difficult to
apply the epoxy in any application.15 Thus, it is important that the pot-life gives sufficient time to
correctly apply the material in the given application.

5

Figure 5. Complex viscosity data of an epoxy-amine formulation shows how the complex
viscosity drops before quickly increasing.

The rate of curing reaction is driven by a few different factors and can be moderately
controlled through modifications in the formulation. Thermal energy is one of the key factors that
promote epoxy curing reactions and influences the rate of reaction. While heat can be utilized to
shorten cure time of slower reacting systems, it must also be controlled. Thermal energy is
introduced into the system through two sources – external heat (oven) and the heat generated
from the auto-catalytic, exothermic crosslinking reaction.7,16 The amount of thermal energy
generated per unit of time from the exotherm of the crosslinking reaction increases with
increasing reactivity between curing agent and resin, and reaches the maximum temperature at
the center of the epoxy mass where it originates.7 In addition, as the mass of curing epoxy
composition increases, the maximum temperature associated with the exotherm increases.7 The
total heat generated from the exothermic reaction has been directly related to the degree of cure,
where Differential Scanning Calorimetry (DSC) measurements have been used to complete
reaction models that can help predict curing behavior of thermosetting epoxies by monitoring the
heat flow from the epoxy mixture as a function of temperature.17,18 The rate of the curing reaction
can be modelled after the Arrhenius equation as follows:
!"
!#

()

= 𝐴𝑒 '*+ (1 − 𝛼)1
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(1)

Where dα/dt is the reaction rate, α is the degree of cure, t is the reaction time, A is the
pre-exponential factor, Ea is the activation energy, R is the gas constant, T is the absolute
temperature in the reaction, and n signifies the order of the reaction.17,18 As the reaction
generates heat, the energy needed for further reaction drops and the reaction rate increases
exponentially.17 If not controlled, the exotherm can cause a runaway reaction in which the system
produces more heat than can be dissipated, resulting in a final material with compromised
mechanical properties or internal stress.16 Some common characteristics of an epoxy that
underwent a runaway reaction include foaming, discoloration, and smoke in extreme cases.16
In addition, a simple approach to increase the reaction rate of an epoxy system is to add
catalysts that will promote faster cure reaction. Some examples of catalysts incorporated in epoxy
formulations are shown in Table 2. These catalysts can be incorporated into the structure of the
epoxy resin or curing agent, or a new reactant can be introduced into the system. In some
instances, particularly the amine-epoxy reaction, the catalyzing functional group is formed as the
system cures. Initially, the reaction is slower and uncatalyzed, but as catalyzing groups are
formed, the rate of reaction quickly increases.12 As previously mentioned, in amine-epoxy
systems hydroxyl groups and tertiary amine groups are formed and then work to catalyze the
following epoxy-amine reactions to further promote curing.7,11,12

Table 2. Common Epoxy Catalysts
Name
Hydroxyl

Structure
R

OH

R1

R2
N

Tertiary amines

R3

F

F
B

Boron trifluoride

F
H
N

Imidazoles
N
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While catalysts and accelerators are added to a formulation to increase the rate of
reaction, it can also be desirable to slow the rate of reaction in order to increase the pot life of the
epoxy mixture and allow more time for application. This can be achieved by altering the chemical
structures of either epoxy resin or curing agent components. The resin is generally composed of
oligomers, or short polymeric chains with only a few repeat units and two reactive groups on each
end of the chain. The reactive group density in the resin can be decreased by increasing the
molecular weight of the oligomeric epoxy resin.12 By doing so, the same volume of resin will
contain less reactive groups and result in a slower cure. The addition of large, bulky groups
around the reactive groups can also serve to decrease the cure rate by sterically hindering
reactive group accessibility.7
When the two components are mixed and the curing reaction begins, all epoxy curing
reactions proceed in a similar manner regardless of the chemistry of the reactive groups. The
process of the epoxy resin reacting to ultimately form a solid final material can be simplified into
three main stages, shown in Figure 6, while Figure 7 gives an example of the molecular view of a
crosslinked network. In the first stage, the material is a liquid mixture of the epoxy resin and
curing agent molecules. The epoxides first begin to react with available primary amines to form
oligomeric clusters. As the molecular weight of the clusters increase, the total number of
molecules decrease, and the viscosity increases. During the second stage, the epoxides continue
to react with any remaining primary amines as well as any secondary amines. Crosslinking
reactions take place between clusters to form a network throughout the material. This stage can
be referred to as gelation and is characterized by an exponential rise in viscosity of the epoxy
material as a result of the crosslinked nature. In the third stage, the material transitions from a gel
phase into a solid phase that does not flow at any temperature and does not dissolve. At this
point, either all reactive groups have been reacted (uncommon) or the molecular mobility is too
low for further reactions to take place, often due to vitrification, which occurs when the Tg of the
material is equal to the curing temperature and enters the glassy state.12 At this point, the
material is not necessarily fully crosslinked, but the transition from gel to glassy state results in
chain mobility that is too low for further crosslinking reactions. Epoxy materials can also be
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annealed as a final heat treatment step after the material has been cured. Annealing is a heat
treatment process in which a material is heated and cooled slowly generally to remove internal
stresses and improve material toughness. Elevated temperatures that are reached during
annealing may also help achieve complete cure of vitrified epoxy materials. If the initial curing of
the material has taken place at lower temperatures, such as room temperature, it can be used to
ensure an even and complete cure of the material since additional reactions may become
accessible at elevated temperatures and the chain mobility is increased with increased heat,
resulting in a fully crosslinked epoxy. Enhanced mobility in the rubbery phase allows unreacted
oligomeric and polymeric functional groups to reach each other, therefore increasing the overall
cross-linking of the material.
Ideal x-link
network

Cure Temperature

1

2

3

Liquid Open

Gel

Solid

Time

Initial Cure

Final Cure

Cure Time After Mixing

Figure 6. A general epoxy curing scheme leading to a crosslink network. A bi-functional epoxy
resin molecule is shown in red; a tri-functional curing agent molecule is shown in blue;
epoxy/curing agent bonds are shown in green.19
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Figure 7. A molecular view of a crosslinking formation between DGEBA and diethylene triamine
(DETA).

The crosslink density of an epoxy material is directly related to the glass transition
temperature and mechanical properties of the epoxy.20 It has been defined as the number of
effective crosslinks per unit volume.7 As an epoxy mixture cures, crosslinks are formed to create
a rigid, interlocking network. As the degree of cure increases, so does the crosslink density.
However, because it is generally ideal to have a fully cured material, the degree of cure is not the
only method available for controlling the crosslink density. Another factor influencing the
crosslinked network of a thermoset is the functionality of the resin and the curing agent. An epoxy
system containing resin and hardener with high functionalities contain more reactive groups,
which in turn create a more densely crosslinked network.7
1.3. Epoxy Formulations
Epoxy materials can be utilized in such a wide range of applications due to the ability to
control and alter the material’s critical performance properties to meet the requirements of
different applications. Modifying the epoxy formulation is one of the most common and wellexplored methods of altering an epoxy’s performance properties. The formulation can be modified
by changing the chemistry of the cure mechanism, changing the chemical structures of the
reactants, or by adding additives, such as accelerators or fillers. There are many different cure
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mechanisms that can exist in two-component epoxies depending on the chemical composition. In
most epoxy formulations, the epoxy resin (Part A) is composed of an oligomer of diglycidyl ether
of bisphenol A (DGEBA), the reaction product of epichlorohydrin and bisphenol A (Figure 1).7,11,12
This epoxy resin is the dominating component in four out of five of the epoxy systems
characterized in this study. Other less common epoxy resins include novolacs, phenols,
bisphenol F, glycidyl ethers of aliphatic polyols, and brominated epoxy resins.7,12 Many of the less
common epoxy resins are used strategically in more specific applications. For example,
brominated epoxy resins are advantageous for epoxy materials that must be flame resistant.7,12,21
These less common resins are often used in smaller amounts as additives to the base resin,
DGEBA, to give certain properties, such as lower viscosity of the epoxy resin or increased
flexibility in the cured epoxy material.7,12 Further information on common epoxy resin structures
and properties are listed in Table 3. Chemical species with high densities of reactive groups have
a tendency towards forming highly cross-linked materials. One can modulate the cross-linking
density, and therefore performance properties, of a final epoxy material by judicious formulation
of the epoxy components.
Table 3. Common Epoxy Resin Properties7,12
Epoxy Resin

General Structure/Example
O

Properties
Increase flexibility;
decrease viscosity;
expensive

O
O

Bisphenol F

O

O
O

Bisphenol A +
Alcohol

O

O

O

Reduce viscosity; increase
flexibility

O

O
O

O

O

O

Increase crosslink density;
cure more rapidly than
DGEBA, high exotherm,
high viscosity liquid/semisolid resin modifier

O

Novolac

R

R
n

Br

O

Brominated
DGEBA

Br

O

Br

Br

OH

Br

O

O

O

O

Br

Br

Br

Flame resistance; increase
viscosity

n

Aliphatic
epoxy resins

O
O
O
n
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O

Reactive diluents; decrease
viscosity; improved exterior
durability in films; used in
BPA free coatings

The curing agent chemistry can also be used to modify the formulation properties as well
as the final material properties of the epoxy. One of the most common and versatile chemistries
used in epoxy curing agents is the amine functional group.12 Amines can be modified to hold
certain functionality to aid in epoxy performance. Amines are versatile, as they can be aromatic,
aliphatic, or cycloaliphatic, as well as primary, secondary, or tertiary. Primary amines are the most
reactive with epoxide groups, while secondary amines are less reactive, and tertiary amines
serve as accelerators or catalysts.12 Additionally, aliphatic amines are more reactive than
cycloaliphatic amines and aromatic amines.12 Each different structure gives the formulation
different characteristics. For example, aromatic amines can be added to a curing agent
formulation to create a final epoxy material with greater thermal resistance by increasing the
rigidity of the network which in turn increases the glass transition temperature, while aliphatic
amines can be added to increase the flexibility of the final material.7,12 Epoxy-amine formulations
have been found to have a number of advantageous properties that meet material requirements
specific to the medical and biopharmaceutical industry. These properties include resistance to
gamma irradiation and steam sterilization, and high crosslink densities with minimal cytotoxicity
concerns from leachable compounds. These properties are essential for meeting
biopharmaceutical needs; therefore, five different epoxy-amine systems were characterized in
these studies.
Other common functional groups used in epoxy hardeners include anhydrides,
mercaptans, sulfones, and amides (Table 4). The curing agent that is used greatly determines the
suitability of the material for various applications with specific working conditions that the epoxy
must withstand to be able to perform well. For example, sulfones are oftentimes used in high
performance applications due to the great thermal and chemical resistance.7 Anhydrides are
found in epoxies with low exotherm and a long pot-life. Various functional groups can be
combined in a single curing agent formulation to alter properties, such as the viscosity of the
hardener or the pot-life (via reaction rate). Curing agents with greater functionality of reactive
groups lead to epoxy networks composed of denser crosslinking
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Table 4. Common Curing Agent Properties7,12
Curing
Agent

General Structure/Example
R1

Amine
(1°, 2°)

NH2

Room temperature cure; inexpensive;
low viscosity

H
N
R1

Properties

R2

NH2

Aromatic
amine
(1°, 2°)

R

High Tg, high rigidity; moderate heat
and chemical resistance

NH

O

Amide

R3
R1

N

Flexible; low volatility; can be used
over broad range of non-critical
concentrations

R2

Phenol

OH

Acid-catalyzed; adhesion to metals;
resistant to hydrolysis

O

Carboxylic
acid

3° amine-catalyzed; flexibility; solvent
resistance
R1

OH
O

Anhydride

O

Low exotherm; good thermal
mechanical, electrical properties; high
Tg achievable; low shrinkage; long
pot-life

O

Mercaptan
(thiols)

R

Rapid cure; strong adhesion to metal,
concrete, glass, etc.; accelerate other
catalysts

SH

Epoxies can be cured at room temperature or at elevated temperature, depending on the
reactivity of the formulation chemistry. Epoxies that cure at room temperature require a highly
reactive curing agent, such as polyamides or amidoamines. Because room temperature cure
epoxies readily react under ambient conditions, they must be either stored as a 2K system to
keep the two reactive groups separate and prevent curing from taking place before application.
One of the main advantages to room temperature cure epoxies is that an oven or other thermal
energy source is not required; however, the lack of heat added to the curing system results in
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lower thermal and chemical resistance due to lower crosslink densities and glass transition
temperatures compared to elevated temperature cure epoxies.
Radiation cure epoxies are a type of room temperature cure epoxy that can be contained
in a single package as the reactive groups do not react without the exposure to a radiation
source. In these systems, radiation energy is required to initiate the cure reaction to form a
crosslink network. Common radiation energies used include electron beam, visible light, and
ultraviolet (UV) light, with UV light being the most common.12 UV cure epoxies are used for
polymeric inks, coatings, and adhesives, particularly in the electric and electronic industries. A
typical UV cure epoxy coating cures via free radical polymerization, which consists of four major
steps, shown in Figure 8.12 UV cure coatings are advantageous because they can be formulated
completely free of solvents - and therefore free of volatile organic compounds (VOCs) that are
harmful to the atmosphere. UV cure coatings also have fast cure times on the order of seconds to
minutes, allowing for high speed production time. The final coatings have superior thermal and
chemical resistance, good clarity, and high shear strength. One of the main drawbacks of UV
cure epoxies is the high cost of the formulations since there are no cheap fillers or solvents
included.12 Sometimes, this can be outweighed by the savings in thermal energy costs that would
otherwise be required for conventional thermal curing. UV cure epoxies are also limited in
applications and are usually used as thin coatings because the layer of epoxy must be thin
enough for the UV radiation to penetrate through for full cure, though a second thermal cure step
can be applied to thicker applications of UV coatings.12 In adhesive applications one of the
substrates must be transparent for the UV radiation to penetrate through and initiate the cure
reaction, which can be a hindrance in many applications.12

I → I∗

1. Initiator radical formation

I∗ + R → IR∗

2. Initiation
3. Propagation

IR∗ + R8 → IRR8∗

4. Termination

IRR8∗ + IRR8∗ → I9 + RR8 R8 R

Figure 8. Free radical polymerization mechanism common in UV cure coatings.
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Some epoxy systems, including some UV cure epoxies, undergo homopolymerization, in
which a single monomer reacts with itself to form oligomer chains and ultimately the crosslinked
network.12 Epoxides can undergo homopolymerization in the presence of tertiary amines, Lewis
acids, and strong protic acids.12 Only acids classified as “super acids” can effectively promote
homopolymerization of epoxides because strong acids, such as HCl, correspond to weak
conjugate bases that are nucleophilic enough to react with the protonated epoxy group and
prevent a reaction with an additional epoxy group.12
While many epoxy formulations come in 2K containment, some are also designed to be
stable in a single package. One way to accomplish a stable 1K epoxy is to use a blocking group
on the curing agent that is unreactive with epoxide groups. For example, a ketone and primary
amine react to for a ketimine group, which does not readily react with epoxides. The hiding group
can be removed through exposure to moisture, which will prompt the ketimine to hydrolyze and
form an amine and ketone. These types of systems are stable indefinitely but are not cost
effective and are difficult to achieve because each component in the system must be completely
dry. A less expensive method of creating a stable one-component epoxy is to use a crosslinker
that must undergo a phase change to react with the epoxide groups. For example, phthalic
anhydride and diethylene triamine can be reacted to form a solid polyamide. When heated above
100°C, the polyamide undergoes the phase change from solid to liquid and readily reacts with
epoxide groups. Dicyandiamide (DICY) is another crosslinker that is solid at room temperature
but becomes reactive with epoxy groups when above its melting point (210°C). Accelerators such
as tertiary amines, imidazoles, and blocked urea can be incorporated into a DICY epoxy
formulation to reduce cure temperatures.12
1.4. Material Properties of Epoxies
Certain epoxy material properties are important indicators of how the material will perform
in various applications with specific environmental conditions. For example, the glass transition
temperature and coefficient of thermal expansion of an epoxy material indicate how the material
might respond to various thermal conditions, while the chemical resistance of an epoxy material
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can signify how the physical integrity of the material will hold against chemical substances.
Properties such as these have the potential to be used to evaluate an epoxy’s suitability for a
certain application and can be used to assess the effect of formulation changes on the cured
epoxy. The following properties are defined and later assessed for their ability to be used to
identify different performance capacities of the five different epoxy systems with varied mix ratios.
1.4.1. Relaxation Transitions
Once cured, an epoxy material is composed of a highly crosslinked network of polymer
chains. These polymer chains have a certain degree of mobility depending on the amount of
thermal energy added to the system. As the material is heated, the chains gain increased mobility
that result in relaxation transitions in the material. The primary relaxation transition (known as 𝛼transitions) observed in all polymeric materials is referred to as the glass transition. Other
secondary transitions (known sometimes as 𝛽- or 𝛾-transitions) have been found to exist in some
epoxy materials.
The glass transition temperature of an epoxy material is a strong indicator of how the
epoxy will perform in various applications under different environmental conditions. The glass
transition of a material is the range of temperatures over which the material transitions from a
glassy, brittle state to a rubbery state due to long range mobility of polymer chains within the
network, illustrated in Figure 9.10,22,23 Although the glass transition occurs over a range of
temperatures, the transition is generally reported as a single temperature referred to as the glass
transition temperature (Tg).
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Figure 9. This schematic representation of a typical DSC thermogram analyzed for the glass
transition temperature shows that the transition from a glassy to rubbery state occurs over a
range of temperatures, indicated by the gradual decrease in heat flow measured from the
material (highlighted in yellow).

The Tg is influenced by the degree of cure, physical chain entanglements, and flexibility of
the polymer chains composing the crosslink network.10 A greater degree of cure, more chain
entanglements, and more rigid polymer chains will all result in a higher Tg.10 A greater degree of
cure results in a higher crosslink density and shorter chain lengths between crosslink sites. Highly
rigid components like aromatic components, can also increase the overall Tg of the final epoxy
material (both the epoxy and the hardener can be modified to have highly aromatic
compositions).10 When the free volume surrounding the molecules is smaller, the material
requires more thermal energy to be added to the system before long range mobility of the
network is achieved. Therefore, highly rigid components, greater chain entanglements, and a
higher degree of cure minimize the mobility of the network and increase the amount of thermal
energy needed for the material to transition from glassy to rubbery state, contributing to an
increase in the glass transition temperature.
A low temperature secondary transition commonly observed around -60°C has been
reported to be a result of simple relaxation of localized motions from the unreacted components
or local motions of the glycidyl units in the crosslinked network.24–28 This transition has generally
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been referred to as the β-transition25–28, though others have also denoted it as the γtransition.24,29,30
It has been reported that another secondary transition may occur at intermediate
temperatures, between the range of 60°C to 80°C. This transition has generally been referred to
as the ω-transition25–28, though others have also denoted it as the β-transition.24,29,30 The source
of this transition has not been explored in depth, resulting in conflicting theories among published
literature. Some credit the secondary transition to substituent mobility, while others believe it to be
a source of crosslink density variations within one epoxy material.24–31 These theories are
explained in more detail in Section 4.4.
Both the low temperature and intermediate temperature relaxation transitions are due to
local, short range mobility, while the glass transition is due to cooperative, long range mobility
across the entire material. Therefore, the secondary relaxation transitions occurring at low and
intermediate temperatures are a result of increased mobility of chain substituents found
throughout the network or the enhanced mobility of small ranges of the chains within the network.
The glass transition is a result of chain mobility across the entire network. Whereas the
secondary transitions could be considered small areas of movement within the network that move
independent of one another, the glass transition would occur when enough thermal energy has
been added to the system that allows the entire network to move cohesively as a single unit.
Primary and secondary relaxation transitions are rate dependent.32 When measuring a
transition temperature of a material, the heating and cooling rates will have great impacts on the
measured temperature of the transition. If an epoxy material is heated too quickly, the material
will not have time to equilibrate and react to the thermal energy. This will result in an artificially
high transition temperature as there will be a delay between reaching the sufficient amount of
thermal energy required by the material to transition and the measurement of the physical
response of the material.10 The cooling rate is also significant; at a lower cooling rate, the epoxy
will have more time to reach a lower energy configuration containing less free volume.32 For this
reason, glass transition temperatures are always reported with the corresponding testing
parameters. In this study, the glass transition temperature is used to compare the relative
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crosslink densities between epoxy samples of varying mix ratios as well as varying epoxy
chemistries (systems).
1.4.2. Chemical Resistance
One of the important properties of epoxy that enhances its performance in many
applications is its chemical resistance. The great chemical resistance exhibited by epoxy is
largely from the complex crosslinked network formed by various covalent bonds, which make it
difficult for solvents to penetrate and break the material apart. Similarly, cured epoxy materials
tend to show great mechanical durability with a high degree of hardness. This is also due to the
crosslinked nature of the material, which causes the molecules to be tightly bound in place and
makes the material difficult to scratch. As the crosslink density of epoxy increases, the chemical
resistance and hardness also generally increase. This property is an important consideration for
bioprocessing applications, in which an epoxy can come into contact with a range of different
chemical solutions. The chemical resistance of epoxies with varied mix ratios and amine
chemistries are compared in this study, and relationships between other properties, such as Tg
and the coefficient of thermal expansion, are identified.
1.4.3. Coefficient of Thermal Expansion
The coefficient of thermal expansion (CTE) can play a critical role in the long-term
integrity of a manufactured product that incorporates epoxy as it can be used to strategically
assess the compatibility of two different materials in within that product. It is the fractional change
in dimensions of a material as it is heated or cooled over a specific temperature range. The CTE
is generally reported as a coefficient per unit temperature interval at a specific temperature.33
Thermal expansion occurs as a result of the increase in the kinetic energy of the molecules within
the material. This can be explained in terms of free and occupied volume, where occupied
volume is the volume of the actual material as well as the volume occupied due to thermally
dependent harmonic vibration, and free volume is the difference between the occupied volume
and the volume of the actual material.34 As a polymer is heated from low temperatures towards
the Tg of the polymer, the amount of occupied volume does not change significantly because
there is insufficient thermal energy present to cause chain mobility.32,34 As the Tg is reached and
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surpassed, the thermal energy causes the harmonic vibration of the chains to increase, which in
turn increases the amount of occupied volume, and therefore the amount of free volume. An
increase in the occupied volume of the material leads to expansion of the material, and as the Tg
is surpassed and the rate of chain mobility increases, so does the rate of expansion (Figure
10).32,34 This results in a physical expansion of the bulk material. Therefore, the amount of
expansion in polymeric materials is not linear, but rather depends on the operating temperature
range in relation to the Tg of the material.

A

B

Figure 10. (A) An illustration of the expansion of epoxy in all direction. (B) Relationship between
CTE and Tg of a polymer.

The coefficient of thermal expansion can play a role in whether or not there are internal
stresses present between an adhesive and the adherend.7 When there is a large difference in
CTE between adhesive and adherend, the two materials expand and contract at different rates as
they are being heated or cooled. This can result in one material contracting away from the other,
causing delamination of the adhesive and performance failure. Alternatively, this can also cause
one material to expand faster than the other, causing it to push against the other material,
creating internal stresses that could lead to failure over time.7
If an epoxy is cured at an elevated temperature, the material will shrink slightly as it cools
due to its thermal contraction properties. This can cause delamination of the epoxy from the
adherend, particularly if the adherend has a much lower coefficient of thermal expansion and a
higher relative stiffness. As the epoxy shrinks a large amount, an adherend with a low CTE will
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shrink only slightly. If the low CTE adherend has a relatively low stiffness, the adherend material
will be able to absorb the internal stresses caused by differences in rate of thermal expansion
through elastic deformation. On the other hand, if the low CTE adherend has high stiffness, the
adherend material will not be compliant and will therefore not be able to offset the internal
stresses, resulting in product failure (i.e. delamination).7,32 When preparing to implement an
epoxy in a manufactured product with other materials, it is best to look for materials with a similar
CTE to the epoxy to minimize the probability of failure. Some examples of materials and the
respective CTEs are listed in Table 5. It is also important to match thermal conductivity of an
epoxy to the rate of temperature change to optimize its structural properties. Thermal conductivity
relates to a material’s ability to transfer heat from one point to another. A material with high
thermal conductivity and high coefficient of thermal expansion may lead to failure because of the
material’s tendency to cool faster than it can contract which locks in residual stresses.
Table 5. CTE Examples7

Glass

Coefficient of Thermal Expansion
/°C-1ppm
8

Stainless Steel

10 - 20

Aluminum

25

Polysulfone

56

PU

58

Material

Polystyrene

70

Unfilled Epoxy

100

In general, as the flexibility of the epoxy resin system is increased, the rate of expansion
increases, while filled or rigid epoxy systems have lower expansion rates.7 This is because more
flexible systems occupy greater amounts of space with increased energy input into the system.7
Systems with rigid networks have more limited mobility so that the addition of energy results in a
smaller change in the occupied volume and therefore less thermal expansion.7 Therefore, the
CTE can be somewhat modified and controlled through the chemical composition of the epoxy
formulation. Rather than controlling the CTE of epoxies through modifications of formulation, this
study aims to use CTE to evaluate the effects of varying epoxy mix ratio within the same system,
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as well as compare the difference in CTE of different epoxy systems as a result of variations in
amine chemistry.
1.4.4. Compliance
As mentioned in the previous section, the compliance of a material can play a role in its
mechanical integrity. Viscoelastic compliance (J) can be defined as the amount of strain a
material experiences per unit stress.
𝐽=
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Therefore, a material that is less compliant will experience less strain than a second material with
greater compliance under the same amount of stress.
1.4.5. Moisture Absorption
In many applications, materials are exposed to moisture due to environmental conditions.
For example, an outdoor coating or marine vessel coating would be in direct contact with water at
varying environmental conditions. It is important to understand how exposure to moisture might
affect the viscoelastic properties of an epoxy material. It has previously been found that an
increase in moisture absorption of epoxy resulted in a decrease in Tg due to enhanced chain
mobility.35,36 It is reported that the hydrogen bonds within the original epoxy network are
weakened by the presence of water molecules, causing a slight increase in the space between
chains and overall decrease in intermolecular forces present in the epoxy network.35,36 Previous
studies have found that changing the structures of the epoxy chemistries resulted in different
moisture uptake behavior, but did not explore the potential effect of changing the mix ratio to alter
the moisture uptake behavior.
1.4.6. Thermal Stability
Epoxies generally have good thermal stability properties in which degradation does not
occur until reaching extreme temperatures outside the operating conditions of most applications,
which results in great mechanical properties. However, the thermal stability of epoxy materials
can be extremely important for those industries, such as the aerospace industry, that require
products to remain integral at extreme temperatures. Thermal degradation behavior has been
studied through thermogravimetric analysis to find that some epoxy resin chemistries are more
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resilient than others. For example, one study determined sulfone containing epoxy resins to have
better thermal stability than bisphenol A based resins with the same curing agent.37 This and
other studies have focused on formulation effects rather than processing effects to determine
which types of epoxy resins are best suited for high temperature applications.
1.4.7. Material Compatibility
Epoxies can be used to mitigate material incompatibilities, which are of importance when
developing products with different material properties, such as: surface tension, CTE, heat
capacity, thermal conductivity, and compliance. When the uncured epoxy mixture is placed in
contact with materials that are incompatible on a chemical level, this can result in phenomena
such as unwanted side reactions: degradation during curing, plasticization of the material in
contact, or cracking of epoxy or other materials in contact after curing. The oxirane reaction is an
exothermic reaction, which means it produces heat as a by-product. This can have effects on the
epoxy material itself, as well as the materials the epoxy mixture is in contact with during cure if
the susceptibility is temperature dependent for example. In addition, the thermal expansion
properties between the cured epoxy and other materials in contact can have great impacts on the
performance of the overall product and a suitable epoxy can mediate the differences between
dissimilar materials. For example, to avoid delamination, the thermal expansion and compliance
properties must be balanced such that a very soft material compensates for a larger coefficient of
thermal expansion. Medical devices often contain epoxies as adhesives to bond stainless steel to
plastic materials in products that must withstand autoclave sterilization conditions, involving
repeated exposure to high temperature steam. In such an application where the coefficients of
thermal expansion of the two materials may not match, it is important that the epoxy material
compliance must be high enough to avoid delamination. It does so by deforming slightly under
any internal stresses that form as a result of heating and cooling cycles of the product; a material
with greater compliance is therefore required. In other applications, such as epoxy coatings, it
may be possible to modify the epoxy coefficient of thermal expansion to match that of the
adherend to avoid delamination of the epoxy from the coating substrate. Lastly, the epoxy
material may require a low coefficient of thermal expansion, such as in the aerospace industry,
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where the material must perform over very large temperature ranges. In these applications, two
materials with a small difference in the coefficients of thermal expansion will translate into large
differences in the overall thermal expansion of the materials. Therefore, in such an application it
is important the coefficient of thermal expansion is minimized for optimal performance. In satellite
applications, optical epoxies have been developed with specific refractive indexes and spectral
transition values to ensure high performance across wide ranges of temperatures under certain
wavelengths of light to withstand the extreme temperature conditions that satellites experience
during orbits.38 Epoxy optical properties ensure that the satellite will continuously function by
adequately allowing the passage of light.38 For these reasons, one must consider the interactions
an epoxy system may have with other materials when introducing an epoxy resin into the
manufacturing process of a product.
1.5. Characterization Methods and Instrumentation
The characterization methods used to analyze cured epoxy systems can be extremely
important and are dependent on the information or property measurements that are desired.
Some properties can be tested using more than one method of measurement. For example, the
glass transition temperature and other relaxation transitions can be observed with multiple
instruments, including dynamic mechanical analysis (DMA) or differential scanning calorimetry
(DSC). Some methods or instruments will have advantages over others depending on the
experimental situation (such as sample size availability). The following instruments and
characterization methods were evaluated for their potential to measure epoxy material properties
in this study.
1.5.1. Dynamic Mechanical Analysis
One of the most common and useful instruments for characterizing epoxy is a dynamic
mechanical analyzer (DMA). It has been widely utilized in previous studies to measure the glass
transition temperature, as well as to explore the nature of other relaxation transitions that might
be present.24,25,27,39–42. The viscoelastic properties can give insight into the crosslink density of the
material, as material relaxations at higher temperatures in the viscoelastic data can reflect greater
crosslink density.43 It can accurately measure the mechanical properties of the cured epoxy
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material by applying a stress or strain on the material and measuring the resulting
response.23,32,44 It is useful in understanding a material’s bulk properties and thermal transitions,
which often indicate how a material will perform under various environmental conditions. A DMA
can be found as a stand-alone instrument, but there also exists a rheometer that can be utilized in
a DMA mode with attachable DMA geometries to analyze solid samples. Some of the DMA
testing geometries that can be utilized to learn more about an epoxy material includes torsion,
dual cantilever, single cantilever, and three-point bending.45 During this study both torsion and
single cantilever geometries were utilized to measure the glass transition temperature of the
epoxy samples. The data collected from each geometry was compared to determine which
method provided the most significant and reliable data with respect to this study. Figure 11 is an
example plot of DMA torsion data of an epoxy sample analyzed for Tg. The glass transition
temperature can be measured from the viscoelastic plots acquired through DMA tests using the
loss modulus (G’’) peak, storage modulus (G’) onset, or the tan(δ) peak. The loss modulus peak
is more closely related to the physical property changes attributed to glass transition and reflects
molecular processes and the onset of segmental motion.46 The storage modulus onset relates to
relaxations that reduce resistance against deformation, while the tan(δ) plot is said to be a good
measure of the "leather-like" midpoint between the glassy and rubbery states of a polymer and is
used historically to report glass transition temperatures.46
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Figure 11. An example of viscoelastic data collected from a DMA test with torsion clamps,
demonstrating the three different methods that can be used to measure the glass transition
temperature.
1.5.2. Differential Scanning Calorimetry
Differential scanning calorimeter (DSC) is another commonly used instrument in
analyzing epoxy systems. It is a thermoanalytical technique in which the difference in the amount
of thermal energy required to increase the temperature of a sample and a reference is measured
as a function of temperature.10 When this data is plotted, it can be used to identify phase
transitions, as these transitions result in heat being released or absorbed. In epoxy
characterization applications, DSC has generally been used to determine the glass transition
temperature of a sample27,47–49, but can also be used to monitor and calculate the degree of
cure.21,42,50–52 Similar to DMA, DSC can give insight into the crosslink density of a material
through relations with the glass transition temperature.43
While DMA and DSC can both measure the Tg, they do so differently. DMA measures the
bulk properties of a larger sample size of the tested material, while DSC relies on the release or
absorption of heat due to phase transitions (melt, glass transition, crystallization) in a much
smaller mass of the test sample. It has been reported that DMA gives more consistent and
specific data, allowing for more accurate measurements of the Tg.23 In this study, both DMA and
DSC methods are trialed and the data is compared to look for any major differences or
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inconsistencies in the results. Figure 12 shows an example DSC thermogram analyzed to
measure the glass transition temperature.

Figure 12. An example of a DSC thermogram of an epoxy sample analyzed to determine the
glass transition temperature based on the midpoint of the inflection of the plot.

1.5.3. Measurement of Coefficient of Thermal Expansion
The coefficient of thermal expansion (CTE) is an important property for materials that are
used over a range of temperatures, because changes in temperatures cause these materials to
expand and contract at different rates. The CTE can be measured using a dilatometer. This
instrument offers a highly precise method for measuring the expansion of a material with
increasing temperature.53,54 Measurements can also be made using a thermomechanical
analyzer (TMA) in which the instrument measures the changes in the dimensions of the sample
as a function of temperature.39,42,55 In cases where instrumentation such as a dilatometer or TMA
are not available, micrometers have been used to manually measure changes in sample
dimensions as the sample is subjected to increasing temperatures.34 In such a situation, the
change in length can be related to the change in temperature to calculate the coefficient of
thermal expansion (Equation 3).54 This is the method of choice used in this study, where calipers
were used to measure the changes in dimensions of a heated epoxy sample.
∆C
CD

= 𝛼(𝑇9 − 𝑇F )
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(3)

The CTE can offer insight into the crosslink density, as a material that has a denser
crosslinked network will expand less as the chain length between crosslink sites is small and
does not allow as much molecular mobility even with the addition of thermal energy. Therefore,
the CTE can be used to look for changes in the crosslinked structure that result from changes in
the mix ratio.
1.5.4. Thermogravimetric Analysis
A thermogravimetric analyzer (TGA) is an instrument that continuously measures the
mass of a sample as a function of increasing temperature. The sample is sealed in a controlled
environment that monitors the sample mass. The temperature can be controlled to increase at a
set rate and the instrument software records the mass lost as a function of time and temperature.
This method can be used to identify the temperature at which certain known components within
the sample are lost, such as solvents or plasticizers, but a mass spectrometer must be attached
to the TGA to collect and analyze the decomposition products for identification.10 In this study,
TGA was useful in comparing the thermal stability of the epoxy materials between different mix
ratios of the same epoxy system and between different epoxy systems to determine if varying
levels of crosslink density played a key role in thermal degradation rates. In epoxy
characterization, TGA studies are particularly important for epoxy applications of extreme
temperature conditions, such as in the aerospace industry, as the instrument is capable of
analysis at high temperatures. A number of studies have been completed using TGA to explore
the thermal stability of high-performance epoxy materials.21,39,42,49 Many of them use TGA to
measure differences in modified versus unmodified epoxy formulations to determine if their
modifications show improvements.
1.6. Regulatory Compliance in the Medical Field
While modifications in the epoxy formulation have been found to be a viable method to
alter final epoxy material performance, some industries have strict regulations that make it difficult
to make changes in the materials used for production. When a material is used to create a final
product for manufacturing, there are certain regulations that the product - and therefore the
materials that form the product - must adhere to. These regulations are put in place to ensure a
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safe product that is compliant with its surroundings. In particular, the medical industry has strict
and specific guidelines and requirements that must be met for approval of the product. When
epoxy materials are utilized in bioprocess equipment designed to manufacture drug products, it is
crucial that all components of the equipment, including the epoxy, comply with those regulations.
These regulations limit the choice of chemical components that can be incorporated into a
product, while remaining compliant to be used in direct and indirect contact with food and
biological materials, making it difficult for manufacturing companies to change materials, such as
their epoxy formulation. In addition, qualified suppliers are expected to provide the same quality
product without significant changes that will trigger a process revalidation by the end-user.
These regulations are in place to ensure safe products that do not harm humans if
ingested or physically exposed. Some of the main FDA regulatory compliance codes are listed
and summarized in Table 6 below. It stands to reason that the majority of the epoxy materials are
not compliant to these codes and only a limited number of products are designed and developed
to meet these strict regulations. The limited number of available epoxy materials, due to these
strict codes, exemplifies the importance of having a strong understanding of an epoxy material
and how altering process conditions can impact the final material properties. A significant and
negative impact could ultimately affect performance properties, such as the amount of
extractables (Title 21, Code 175.300) measured from the final product or the adhesive/bond
strength of the epoxy (Title 21, Code 175.105).56,57 Because manufacturers are limited to choose
their product materials from a specific list with approved chemicals and materials, it becomes
difficult and undesirable to change epoxy formulations in order to meet certain material
performance requirements and produce a quality product. Therefore, this study aims to determine
the feasibility of modifying process conditions to alter the epoxy material performance properties
in place of more conventional methods, such as changing epoxy formulation.
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Table 6. Summary of Major FDA Regulatory Compliance Codes
Code

Summary

Title 21: Food and Drugs
Part 177: Indirect Food Additives:
Polymers
Subpart C: Substances for Use Only as
Components of Articles Intended for
Repeated Use
Section 177.2280: 4,4'Isopropylidenediphenolepichlorohydrin
thermosetting epoxy resins

This section states that the use of 4,4'Isopropylidenediphenolepichlorohydrin thermosetting epoxy
resins in a product as an indirect food additive under
specific conditions. This includes that the resin is prepared
by reacting 4,4’-ispropylidenediphenol and epichlorohydrin,
the formulation contains only approved additives and only in
approved concentrations, and the final product containing
the epoxy should be cleaned according to good
manufacturing practice (GMP).58

Title 21: Food and Drugs
Part 175: Indirect Food Additives:
Adhesives and Components of Coatings
Subpart C: Substances for Use as
Components of Coatings
Section 175.300: Resinous and Polymeric
Coatings

This section addresses which substances are approved for
resinous and polymeric coatings, as well as which types of
cure mechanisms are acceptable for the coating that is to
be used. Also included are the test procedures to be used
to determine the extractable levels from coatings based on
the conditions that the coating will be exposed to.57

Title 21: Food and Drugs
Part 175: Indirect Food Additives:
Adhesives and Components of Coatings
Subpart B: Substances for Use Only as
Components of Adhesives
Section 175.105: Adhesives

This section outlines the proper use of adhesives, following
GMP guidelines. It includes a list of approved substances
that may be used in the adhesive formulation and limits the
amount of adhesive that can be in contact with any food
substances. It also notes that the adhesive should be
sufficient enough that no delamination or separation will
occur between substrates.56

1.7. Project Goals
Typically, when evaluating adhesive materials to meet certain application-specific
requirements, if one material does not work, we can easily evaluate a substitute. In the
biopharmaceutical industry, this approach is considered a luxury. End-users do not expect to see
a plethora of materials in their products, which increases product risk and complexity. In addition,
these materials need to comply with regulatory frameworks, which further limits options such as
simply changing a material of construct for a convenient, rapid improvement. Therefore, one
needs to be creative with the adhesives – and in general with materials of construct – already
being used and determine how processing conditions can be modified to impact desired changes
to the material properties. In addition, testing different epoxies that do have desired certifications
further helps understand the effects of changing the epoxy ratios, because assessing the
variability in the behavior that could be attributed to differences in chemistries and functionalities
help refine, reinforce, and support the general behavior observed, much more so than relying
solely on the results of a single epoxy.
30

The main goal of this study was to determine if and how the final material properties of
cured epoxies can be modified to meet various application requirements without altering the
epoxy chemistry. More specifically, in this study, we determined how the epoxy mix-ratio affected
final material properties, such as Tg, CTE, solvent resistance, thermal stability, and moisture
absorption. This study also evaluated the effect of variations in annealing conditions on the glass
transition temperature. The data collected from this study can be used to expand the materials
knowledge base and used to apply commercial epoxy adhesives more effectively.
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2. MATERIALS AND METHODS
2.1. Materials
The epoxy systems evaluated in this research consisted of various chemical components
(Table 7) that were used as received from respective manufacturers, without further modification
or treatment. The listed weight percentages are according to the safety data sheets (SDS)
provided by the manufacturer. Most components are given a range of weight percent present in
the formulation to maintain formulation confidentiality. Manufacturers are not required to report
components that make up less than 1% of the formulation. The five chosen epoxy systems are
designed specifically for medical applications and are all potential epoxy candidates that can be
used in bioprocessing products. They were mixed in a number of different ratios by weight and
compared for final material properties. The dichloromethane (DCM) solvent was used as received
from Acros Organics without further purification. The silicone used for creating molds was a
commercially available GE waterproof silicone. The polyurethane was designed for medical
applications and was used as received from the manufacturer.

Table 7. General Epoxy Components (FDA Code Compliant)
Part A - Resin
Name

Component

Weight
%

DGEBA*

50-100

Epoxy 1

Epoxy 2

Proprietary

0-50

Cyclic amine

10-20

DGEBA*
Glycol diglycidyl ether
Proprietary

60-100
10-30
X

30-60
30-60
10-30

DGEBA*

60-100

Substituted amine
Amine adduct
Aliphatic amine
Polyglycol
diamine

Proprietary

X

Proprietary

X

DGEBA*

80-90

Triamine with
glycol chains

90-100

Proprietary
Phenyl glycidyl ether
DGEBA*

X
70-90
1-5

Cyclic diamine
Aromatic diamine

50-70
50-70

Proprietary

X

Methylenediphenyl
diisocyanate (MDI)

30-60

Fatty acid oil

70-100

Phenyl isocyanate

10-30

Propoxylated
amine

<10

Benzyl isocyanate

1-5

Epoxy 3

Epoxy 4

Epoxy 5

Polyurethane

Part B – Hardener
Weight
Component
%
Triamine with
50-100
aliphatic chain

*DGEBA: diglycidyl ether of bisphenol A
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Manufacturer
Recommended
Ratio

Additional
Ratios Tested

2.6 : 1

1.0:1, 1.5:1,
2.0:1, 3.0:1,
3.5:1, 4.0:1,
5.0:1

2.9 : 1

1.0:1, 2.0:1,
2.5:1, 3.5:1,
4.0:1

30-60
2.2 : 1

2.4 : 1

1.0:1, 1.5:1,
2.0:1, 2.5:1,
3.0:1, 3.5:1,
4.0:1
1.0:1, 1.5:1,
2.0:1, 3.0:1,
3.5:1, 4.0:1

4.4 : 1

1.0:1, 1.5:1,
2.0:1, 3.0:1,
3.5:1, 4.0:1,
4.5:1

1.0 : 1

0.5:1, 0.75:1,
1.25:1, 1.5:1

2.2. Preparation of Epoxy Samples for Testing
2.2.1.Slabs for DMA
A silicone mold with dimensions of 60 mm x 12.5 mm x 3 mm was created using
polypropylene slabs as a master. The epoxy resin and curing agent were mixed in various ratios
of Part A to Part B (resin to curing agent). The mix ratios generally ranged from 1.0 : 1 to 4.0 : 1,
in increments of 0.5. The exact ratios can be found in Table 7. Moving forward, “on-ratio” refers to
the manufacturer recommended ratio, while “off-ratio” can refer to any other mix ratio. Each part
was weighed into a plastic cup and then mixed until the epoxy was clear, indicating that the two
parts were well-mixed. The mixed epoxy was poured into the silicone molds and allowed to cure
for 5 hours at 50°C. The samples were then removed from the molds and annealed in a “fast”
cycle at 50°C for 30 minutes, 65°C for 1 hour, 95°C for 1 hour, and 125°C for 30 minutes, for a
total duration of 3 hours. The samples were allowed to cool before removing from the oven.
Additional samples were cured identically but annealed with a proprietary “slow” cycle using a
slower temperature ramp rate to determine how the rate of annealing temperature ramp can
impact the viscoelastic properties of the final material. The slabs were cut to be about 45 mm in
length for DMA testing while the remaining piece of epoxy was used for DSC testing. The DMA
slabs were shaped with sandpaper to achieve flat samples of uniform thickness and width
throughout.
2.2.2.Rods for Coefficient of Thermal Expansion Measurements
A silicone mold was prepared in order to form a cylindrical rod of cured epoxy (approx. 250 mm
length x 16 mm diameter) for coefficient of thermal expansion measurements. Approximately 100
grams of the epoxy system was mixed in the desired ratio until clear. The epoxy mixture was
poured into the mold and allowed to cure overnight at room temperature as the set up did not
allow the mold and epoxy to be cured in the oven. The sample was removed from the mold and
annealed under the same proprietary “slow” annealing cycle conditions previously mentioned.
After annealing, the epoxy rod was allowed to cool before removing from the oven.
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2.3. Characterization Methods
2.3.1. Rheometer, Plus DMA Mode Geometries
A TA Instruments Discovery Hybrid Rheometer 2 (DHR-2) equipped with an
Environmental Test Chamber (ETC) and DMA mode capabilities was utilized with various
geometries to measure the material properties of the epoxy samples.
2.3.1.1.

Torsion Clamp Geometry for DMA

The torsion clamp geometry (Figure 13) was used to measure the viscoelastic properties
of the cured epoxy slabs. In this geometry, the instrument was programmed to apply a controlled
strain (deformation), and the resulting stress was recorded and used by the instrument software
to determine the moduli. Each slab was tested with a strain sweep (0.0001% - 1%) to determine
the linear viscoelastic region (LVER). The slabs were then tested in an oscillatory temperature
ramp (1 Hz, 3°C/min, and % strain within the LVER – usually around 0.01%) in which the sample
was subjected to a set amount of strain that was selected from the LVER of the sample and
heated from room temperature to a temperature above the glass transition, usually between 120°
and 160°C. The final temperature was higher for samples with higher glass transition
temperatures. The collected data was used to determine the glass transition temperature based
on the storage modulus, loss modulus, and tan(δ) dependence on temperature. All reported DMA
torsion glass transition values in this study are extracted from the tan(δ) plots.

Figure 13. A schematic illustration of the torsion clamp geometry, where the green arrow
represents the direction of motion of the clamp used to apply strain to the sample.
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The torsion clamp geometry was also used to measure the short-term compliance of the
epoxy slabs. The samples were placed under 200 μNm load for 10 minutes at 40°C, a common
operating condition for bioprocessing equipment. The instrument measured the amount of
deformation in the material over time to give the compliance of the sample, calculated as shown
in Equation 2. Moving forward, tests completed with DMA and torsion clamp geometry will be
referred to as “tested in torsion” or “tested in DMA torsion” for simplicity.
𝐽=

2.3.1.2.
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Single Cantilever Clamp Geometry for DMA

A single cantilever geometry (Figure 14) was utilized to determine the viscoelastic
properties of the epoxy slabs. In this geometry, the epoxy sample was loaded horizontally
between two clamps. One clamp had the ability to move in the vertical direction, placing a
controlled amount of strain on the sample. The resulting stress was measured and used by the
rheometer software to calculate the moduli of the material. This geometry was used as a second
method to compare the viscoelastic results acquired from the torsion geometry. Moving forward,
tests completed with DMA and single cantilever clamp geometry will be referred to as “tested in
single cantilever” or “tested in DMA single cantilever” for simplicity.

Figure 14. A schematic illustration of the single cantilever clamp geometry, where the green
arrow represents the direction of motion of the clamp used to apply strain to the sample.
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2.3.2.Differential Scanning Calorimetry
A TA Instruments Q2500 Differential Scanning Calorimeter (DSC) was used to determine
the transition temperatures (glass and secondary) of the cured epoxy material. A small piece of
epoxy was cut, weighed (5-10 mg) into an aluminum pan, and hermetically sealed with an
aluminum lid placed on top. The bottom side of the epoxy was flat to maximize contact with the
pan, which allows for better data collection by the instrument. Three heating cycles were
completed on the cured epoxy material, with the first being a quick test cycle with a temperature
ramp up from room temperature to about 150°C and down to 10°C at a rate of 30°C/min to erase
the thermal history. This was followed by two test cycles with a temperature ramp up from 10°C to
around 150°C and back down at a rate of 20°C/min. The second two cycles were analyzed for the
glass transition temperature by measuring the midpoint of the transition inflection. The two cycles
were also compared for a shift in the glass transition temperature from a lower temperature in the
first cycle to a higher temperature in the second cycle, which would suggest additional curing
occurred during the first heating cycle.
2.3.3.Dichloromethane Solvent Soak
Epoxy materials are known for having high solvent resistance to a wide range of solvents,
however, dichloromethane (DCM) has been found to be able to cause physical deterioration of
cured epoxy over time. Thus, DCM was the chosen solvent in this accelerated degradation study
to observe the rate of crosslink network breakdown of different mix ratio samples. Glass vials and
the epoxy samples were weighed separately, and their initial masses were recorded. The small
pieces of epoxy samples were allowed to soak in DCM in closed glass vials for 30 minutes. The
epoxy samples were then removed from the vials, and the vials were left uncapped to allow the
DCM to evaporate, leaving behind any small pieces of epoxy samples that had broken off or
residue that had leached out of the cured epoxy material and into the solvent. The vials
containing residue were weighed and used to calculate the relative mass loss of each cured
epoxy sample to collect quantitative data, while photos were taken of the glass vials to visually
compare how changing the mix ratio of the epoxy sample alters the chemical resistance of the
material, revealing insight into the crosslinked nature of each sample.
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In addition, a slab of cured epoxy material was tested with DMA torsion clamps before
and after soaking in DCM for 30 minutes. After removal from solvent, the slab was allowed to dry
in a desiccator to minimize water absorption before being tested with torsion clamps. This test
determined if the solvent soak altered the viscoelastic properties of the material, particularly Tg.
2.3.4.Coefficient of Thermal Expansion
Due to the unavailability of a dilatometer, the thermal expansion measurements of the
epoxy were completed by hand using digital calipers of two different sizes as the material was
heated in the oven. A thermocouple was positioned near the rod, with care taken to ensure it did
not touch any part of the oven. The sample was measured for the length of the rod using a 300
mm caliper (±0.04 mm) and the diameter of the rod using a 150 mm caliper (±0.02 mm) at room
temperature. As the oven temperature was incrementally increased, the rod was allowed to
equilibrate at each temperature for 10 minutes before new measurements were recorded. The
measurements were used to calculate the relative change in volume with each increase in
temperature to determine and compare the expansion behavior of the different epoxy systems
and the different ratios of the same type of epoxy.
2.3.5.Moisture Absorption
Slabs of epoxy were placed in water, heated until boiling, and were allowed to continue to
boil for five minutes. The slabs were weighed before and after the boiling to determine how the
epoxy responds to high temperature, humid conditions, similar to those experienced in high
temperature steam sterilizations carried out prior to bioprocessing. After boiling, the samples
were weighed one minute after removal from water, five minutes after removal from water, and
one day (approximately 24 hours) after the study. The results should indicate whether the water
absorption was reversible once removed from the moist environment. A slab of cured epoxy was
also tested in torsion before and after boiling to determine if there were changes in the
viscoelastic properties of the material due to the absorption of water.
2.3.6.Thermogravimetric Analysis
A TA Instruments Q500 Thermogravimetric Analyzer was used to perform
thermogravimetric analysis of the epoxy samples in order to make relative comparisons of the
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thermal stability of each cured epoxy system and of different mix ratios of the same epoxy
system. Small pieces of each cured epoxy sample to be tested were cut (approximately 5 mg)
and loaded into a TGA aluminum pan. The samples were tested from room temperature to 500°C
with increasing temperature at a rate of 20°C/min.
2.4. Polyurethane Study
A set of polyurethane slabs were prepared in the same manner as the epoxy slabs and
tested in DMA torsion to measure the glass transition temperature. The intention was to use this
material as a comparison to the five epoxy systems that were characterized, as polyurethanes
and epoxies are types of thermosets that are designed and used for the same applications in
bioprocessing equipment. The test parameters were the same as the epoxy samples (1 Hz,
3°C/min, and % strain within the LVER—usually around 0.01%). The study was not completed in
full due to problems with side reactions of the isocyanate during preparation. Moisture effects
were causing the formation of gas bubbles during cure, resulting in slabs that were unable to be
tested as the presence of air throughout the samples would skew the viscoelastic properties
measured in DMA torsion. This experiment reiterates that polyurethanes are more sensitive to
environmental conditions than epoxies and must be handled in more controlled environments.
Therefore, polyurethanes may be less feasible for manufacturing processes. It was expected that
the set of polyurethanes would have lower glass transition temperatures as polyurethanes are
characteristically softer than epoxies. The polyurethane is based on the reaction between
isocyanate and polyol, which creates a flexible linkage that results in a more compliant final
material. A complete analysis of the polyurethane would have exposed any material sensitivities
to mix ratio variations and annealing conditions, though it would be expected that the mix ratio
would alter the material properties, such as Tg, similar to the epoxies due to the two-component
nature of both thermosets. Further information and results that were collected can be found in
Appendix A to explain these conclusions in greater detail.
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3. RESULTS
3.1. Comparison of Characterization Methods for Optimal Tg Analysis
3.1.1.Differential Scanning Calorimetry
In the initial stages of the study it was important to establish optimized test methods to
collect the most accurate and consistent data, particularly for measuring the glass transition
temperature which can be completed using DSC and DMA. The same sample of epoxy, an onratio Epoxy 1 sample, was tested in DSC a total of three different times and DMA torsion once,
but only the DSC data for test samples 1 and 3 are shown for comparison, as test sample 2 was
very similar to test sample 1. In Figure 15 the DSC thermogram for run 3 has a defined first
transition, but lacks a well-defined second glass transition, while the thermogram for run 1 shows
two distinct inflections representing two different transitions. The tan(δ) plot of the torsion run
shows two well-defined peaks that represent the two different relaxation transitions.

Figure 15. Overlay of the DSC thermograms of three different samples of on-ratio Epoxy 1 and
the DMA Torsion tan(δ) plot.

A comparison of the DSC glass transition data with the DMA glass transition data for
Epoxy 1 and Epoxy 4 (Figure 16 and 17, respectively) demonstrates how the DSC data follows
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the same trend as the DMA data, but is consistently slightly lower than the tan(δ) temperatures.
This is potentially a product of the rate dependence of relaxation transitions. The DMA slab was
heated at 3°C/min compared to the DSC temperature ramp of 20°C/min, but because the epoxy
slab used for DMA testing was significantly larger than the sample used for DSC, it is possible
that the heating rate resulted in slightly higher Tg in the DMA data due to a delayed response in
the material. On the other hand, it is possible that the cooling rate of the DSC sample was fast
enough that the epoxy network did not reach as low of an energy configuration as that of the
DMA slab sample, resulting in a slightly lower Tg during the following DSC heating cycle.
Additionally, the convention used for analyzing the Tg can create variation in the results. In any
case, the small difference in Tg measurement between characterization methods is not cause for
concern as the relaxation transitions are rate dependent and expected to vary based on testing
parameters and analysis convention. However, the DMA test method using torsion geometry was
determined to be the preferred method for characterization because it provided greater detail and
sensitivity in the results of the epoxy samples. This is discussed further in Section 4.2.

Transition Temperature /°C

120
100
80
60
40
20
0
0

0.5

1
DSC Heat 1

1.5

2
2.5
Parts of A per Part B
DSC Heat 2

3

3.5

4

4.5

DMA tan(δ) Peak

Figure 16. Glass Transition Temperatures for Epoxy 1 measured via DMA Torsion (based on
tan(δ) peak) and DSC inflection points.
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Figure 17. Glass Transition Temperatures for Epoxy 4 measured via DMA Torsion (based on
tan(δ) peak) and DSC inflection points.

3.1.2.DMA – Single Cantilever
A review of DMA clamps was also completed in order to compare differences in
measuring the glass transition temperature. The viscoelastic plots from a sample of epoxy that
was tested by the DMA equipped with a single cantilever geometry illustrates how the noise in the
data increases with increasing temperatures, particularly above the glass transition temperature
(Figure 18). In Figure 19, a comparison of the tan(δ) plots collected from the single cantilever and
torsion geometries for the same epoxy sample shows that the glass transition temperatures
agree, but the single cantilever data contains more noise, even after multiple adjustments in the
test parameters. Therefore, the DMA with torsion geometry was determined to be a more reliable
method for consistent measurements of the glass transition temperature. A more detailed
justification for this decision is made in Section 4.2.
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Figure 18. Viscoelastic data collected from an Epoxy 1 sample tested in the single cantilever
geometry.

Figure 19. Overlay of the tan(δ) plots of the same epoxy sample tested in the single cantilever
geometry and torsion geometry.
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3.1.3.DMA – Torsion
Throughout the rest of this study, the glass transition temperatures and viscoelastic data
is from DMA characterization with torsion clamps, as this method was deemed the most
consistent, sensitive, and reliable. The tests completed with DMA using torsion geometry allowed
the collection of measurements of the viscoelastic properties (storage modulus, loss modulus,
tan(δ)). The data was automatically plotted by TRIOS software to yield three data plots from
which the glass transition temperature could be measured: the onset of the storage modulus plot,
the peak of the loss modulus plot, and the peak of the tan(δ) plot. In this study, the glass
transition temperature from the tan(δ) plot was used to compare epoxy samples because it was
found to be the most consistent method of measurement among the three. The onset of the
storage modulus was highly dependent on the selected range over which the onset is measured,
while the peak of the loss modulus was not well-defined in some samples. For these reasons, all
reported transition temperature values in this study are measured based on the tan(δ) plot of the
DMA torsion test runs.
Figures 20 through 27 show the tan(δ) plots of each sample from Epoxy 1 through 5.
Figure 21 shows the presence of a secondary relaxation transition that occurs before the glass
transition in Epoxy 1 samples with higher Part A : Part B ratios. Figure 22 shows that some of the
Epoxy 2 samples undergo a small secondary relaxation transition prior to the glass transition,
though it is much less prominent than that observed in Epoxy 1. The tan(δ) plots of Epoxy 3, 4,
and 5 did not indicate the presence of any relaxation transitions besides the glass transitions.
These plots demonstrate the similarities and differences between epoxy systems. The tan(δ)
plots clearly indicate which epoxies have secondary transitions and which do not.
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Figure 20. Tan(δ) plots of Epoxy 1 samples (ratios 1.0 : 1 through 2.0 : 1) show that a single
glass transition takes place.

Figure 21. Tan(δ) plots of Epoxy 1 samples (ratios 2.56 : 1 through 4.0 : 1) show the presence of
relaxation transitions at lower temperatures prior to the glass transition occurring at higher
temperatures, indicated by the multiple tan(δ) peaks for each sample.
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Figure 22. Tan(δ) plots of Epoxy 2 samples show that only some samples (2.5 : 1 and 2.9 : 1)
have small relaxation transitions, while the other samples exhibit only a glass transition.

Figure 23. Tan(δ) plots of Epoxy 3 samples (ratios 1.0 : 1 through 2.17 : 1) indicate that these
samples have a single glass transition.
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Figure 24. Tan(δ) plots of Epoxy 3 samples (ratios 2.17 : 1 through 4.0 : 1) indicate that these
samples have a single glass transition.

Figure 25. Tan(δ) plots of Epoxy 4 samples indicate that these samples have a single glass
transition.
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Figure 26. Tan(δ) plots of Epoxy 5 samples (ratios 1.0 : 1 through 3.0 : 1) indicate that these
samples have a single glass transition.

Figure 27. Tan(δ) plots of Epoxy 5 samples (ratios 3.0 : 1 through 4.5 : 1) indicate that these
samples have a single glass transition.

3.2. Glass Transition Temperatures Based on DMA Torsion Tan(δ) Values
In order to look for similar trends between different epoxy systems, the glass transition
temperatures were compared in a plot shown in Figure 28 and are listed in Table 8. All epoxy
systems exhibit similar behavior, where each one contains an “ideal” ratio that exhibits a
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maximum Tg. All systems have similar Tg values at low Part A : B ratios, but begin to diverge from
one another as the amount of curing agent is decreased.
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Figure 28. Glass transition temperature data based on the tan(δ) plots of all epoxy systems.
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Table 8. Glass Transition and Secondary Transition Temperatures for Epoxy Systems
Epoxy 1
A:B

Tg /ºC

2°
Transition
/°C

Epoxy 2
A:B

Tg /ºC

Epoxy 3

2°
Transition
/°C

A:B

Tg
/ºC

Epoxy 4
A:B

Tg
/ºC

Epoxy 5
Tg
/ºC

A:B

1.0:1
46.8
1.0:1
56.9
1.0:1
40.7
1.0:1
40.1
1.0:1
1.5:1
70.7
2.0:1
100.8
1.5:1
63.6
1.5:1
65.4
1.5:1
~60
1.9:1
89.2
2.5:1
117.9
2.0:1
76.4
2.0:1
88.5
2.0:1
~70
2.0:1
90.3
2.9:1
126.5
2.2:1
70.8
2.4:1
85.8
2.5:1
65.7
2.6:1
103.5
3.5:1
109.5
2.5:1
63.4
3.0:1
68.7
3.0:1
52.3
3.0:1
111.8
4.0:1
97.9
3.0:1
54.6
3.5:1
57.0
3.5:1
41.7
3.5:1
114.4
3.5:1
47.6
4.0:1
49.6
4.0:1
33.1
4.0:1
108.1
4.0:1
40.8
4.4:1
5.0:1
92.7
4.5:1
Note: only measurable secondary (2°) relaxation transitions were reported. A = epoxy resin; B = curing agent

47.8
68.1
85.6
92.0
94.2
87.2
74.6
67.3
63.9

3.3. Annealing Study in DMA Torsion
The effects of the annealing conditions were observed for Epoxy 1, 2, and 4. The
parameters used to anneal had significantly noticeable effects on Epoxy 1, but minimal effects on
Epoxy 2 or 4, as demonstrated in the red-outlined points in Figure 29C. Furthermore, the results
presented in Table 9 indicate the secondary relaxation transition of Epoxy 1 is no longer
observable with a change in annealing cycle, while Epoxy 2 remains unchanged. This slow
annealing cycle is proprietary but involved a slow temperature ramp that lasted several hours,
while final achieved temperatures are comparable. The low temperature secondary relaxation
transition in Epoxy 1 samples was not observed when the heating ramp rate of the annealing
cycle was slow, indicating that the secondary transition was a product of a quick heating ramp
rate of the annealing cycle. In addition to the absence of the secondary relaxation transition, the
glass transition temperature occurred at a lower temperature. On the other hand, the samples
with lower mix ratios (1.0 : 1, 1.5 : 1, 1.9 : 1, and 2.0 : 1), which did not exhibit a secondary
transition after annealed with the fast cycle, still exhibited a single glass transition that remained
at the same temperature after the slow annealing cycle. The small secondary relaxation transition
observed in some of the Epoxy 2 samples remained present in annealing cycles with both a fast
and slow heating ramp rate, and the glass transition temperature was only slightly affected. The
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Epoxy 4 samples did not exhibit any secondary transitions, and the annealing cycle rate did not
have any major effects on the glass transition temperature, as shown in Figure 29C.

(A)

(C)

(B)

140
120

Tg /°C

100
80
60
40
1

1.5

2

Epoxy 1, Fast Anneal

2.5
3
Parts of A per Part B
Epoxy 2, Fast Anneal

3.5

4

4.5

Epoxy 4, Fast Anneal

Figure 29. (A) Tan (δ) plots for Epoxy 1, off-ratio samples annealed with the fast annealing cycle
and the slow annealing cycle shows that the epoxy is unchanged. (B) Tan (δ) plots for Epoxy 1,
on-ratio samples annealed with the fast annealing cycle and the slow annealing cycle shows that
the secondary transition is not present with slow annealing. (C) Original glass transition
temperatures compared with the glass transition temperatures of epoxy samples annealed slowly
(outlined in red).
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Table 9. Summary of Annealing Cycle Effects on Relaxation Transitions
Epoxy

Ratio
1.5:1
1.9:1

1

2.6:1
3.0:1
4.0:1
2.9:1

2
4.0:1
4

2.4:1

Annealing
Cycle

Tg
/°C

Fast
Slow
Fast
Slow
Fast
Slow
Fast
Slow
Fast
Slow
Fast
Slow
Fast
Slow
Fast
Slow

70.7
70.6
89.2
83.9
103.5
81.7
111.8
70.9
108.1
59.7
126.5
121.2
97.9
105.5
85.8
84.6

Secondary
Transition
Present?
No
No
No
No
Yes
No
Yes
No
Yes
No
Yes
Yes
No
No
No
No

To further investigate the effects of the annealing cycle on epoxy viscoelastic properties,
samples from Epoxy 1, 2, and 4 were annealed, tested in torsion, annealed in a different
annealing cycle, and tested in torsion again to look for changes in properties. Overall, the
changes in glass transition temperature were minimal and the presence or absence of secondary
transition was unchanged, as summarized in Table 10. Additionally, when samples underwent
consecutive annealing cycles the viscoelastic properties remained the same, suggesting that the
first annealing cycle – whether fast or slow – locks the epoxy network in place. These results are
also summarized in Table 10. In addition, a sample of Epoxy 1 was annealed for additional time
at increasing temperatures and it was observed that the secondary transition peak shifted
towards the glass transition peak (Figure 30). This suggests that the secondary transition was a
product of uneven cure within the sample, creating two different crosslink densities.
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Table 10. Summary of Effects from Consecutive Annealing Cycles on Relaxation Transitions
Epoxy

Ratio
2.6:1

1
3.0:1
2.9:1
2
2.5:1
2.4:1
4
2.4:1

Annealing
Cycle Exp.
Step
1. Slow
2. Fast
1. Fast
2. Slow
1. Slow
2. Fast
1. Fast
2. Slow
1. Slow
2. Fast
1.Fast
2. Slow

Tg
/°C
83.6
83.1
113.4
109
121
126
118
116
84.6
85.2
86
88

Secondary
Transition
Present?
No
No
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No

A

110

Transition Temperature /°C

B

100

90

80

70

60
100

120

140

160

180

200

220

Anneal Temperature /°C
Secondary Transition

Glass Transition

Figure 30. (A) An Epoxy 1 sample with a secondary relaxation transition was annealed at
increasingly elevated temperatures, with the black arrow showing the shifting of the secondary
transition towards the glass transition peak. (B) A plot of the transition temperatures versus the
annealing temperature illustrates the shifting of the secondary transition to higher temperatures
towards the relatively constant glass transition.
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3.4. Mixed Epoxy Slabs in DMA Torsion
The Part A of one epoxy was mixed with the Part B of another epoxy in order to learn
more about the effects of the chemistry of either part on the final material properties. In the mixed
epoxy systems, a clear trend is shown in which the Part B curing agent chemistry largely
influences the viscoelastic properties of the sample. The mixed epoxy sample was compared to
the pure samples containing Part A and Part B of the mixed sample. For example, the tan(δ) plot
of a mixed sample of Epoxy 1 Part A and Epoxy 2 Part B was compared to tan(δ) plots of a pure
Epoxy 1 sample and a pure Epoxy 2 sample. It was found that the mixed epoxy sample was more
comparable to the tan(δ) plot of the pure sample containing the same Part B chemistry, as shown
in Figures 31, 32, 33. This demonstrates that the chemistry of the Part B curing agent has a
dominating influence over the structure of the crosslinked network of the final material, which
changes the viscoelastic properties measured with the DMA torsion.
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Sample

A:B

A

Epoxy 1 : Epoxy 2

B

Epoxy 2 : Epoxy 2

C

Epoxy 2 : Epoxy 1

D

Epoxy 1 : Epoxy 1

Comments
The tan(δ) plot of
Sample A looked
most similar to that
of Sample B, both
containing Part B
from Epoxy 2.
The tan(δ) plot of
Sample C looked
most similar to that
of Sample D, both
containing Part B
from Epoxy 1.

Secondary
Transition
/°C

Glass
Transition
/°C

Small

124

Small

126

54

93

66

104

Figure 31. Tan(δ) plots of the Epoxy 1/Epoxy 2 mixed slabs compared to pure epoxy samples
demonstrate the influence the Part B components have on the final material properties of the
epoxy.
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Sample

A:B

A

Epoxy 1 : Epoxy 4

C

Epoxy 4 : Epoxy 4

B

Epoxy 4 : Epoxy 1

D

Epoxy 1 : Epoxy 1

Comments
The tan(δ) plot of
Sample A looked
most similar to that
of Sample C, both
containing Part B
from Epoxy 4.
The tan(δ) plot of
Sample B looked
most similar to that
of Sample D, both
containing Part B
from Epoxy 1.

Secondary
Transition
/°C

Glass
Transition
/°C

n/a

80

n/a

86

72

110

66

104

Figure 32. Tan(δ) plots of the Epoxy 1/Epoxy 4 mixed slabs compared to pure epoxy samples
demonstrate the influence the Part B components have on the final material properties of the
epoxy.
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Sample

A:B

A

Epoxy 2 : Epoxy 4

B

Epoxy 4 : Epoxy 4

C

Epoxy 4 : Epoxy 2

D

Epoxy 2 : Epoxy 2

Comments
The tan(δ) plot of
Sample A looked
most similar to
that of Sample B,
both containing
Part B from Epoxy
4.
The tan(δ) plot of
Sample C looked
most similar to
that of Sample C,
both containing
Part B from Epoxy
2.

Secondary
Transition
/°C

Glass
Transition
/°C

n/a

59

n/a

69

Small

137

Small

126

Figure 33.The tan(δ) plots of the Epoxy 2/Epoxy 4 mixed slabs compared to pure epoxy samples
demonstrate the influence the Part B components have on the final material properties of the
epoxy.

3.5. Solvent Resistance
The remaining residue in the vials that had leached out or broken off from the epoxy
samples during the solvent soak suggested that there exists a sample of a specific mix ratio that
leaves a minimal amount of residue. Changing to either a higher or lower mix ratio from this
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specific sample mix ratio appeared to result in a greater amount of residue left in the vial, as
shown in Figures 34 and 35 for Epoxy 1 and Epoxy 5. Images of the vials for the other three
epoxies can be found in the Supporting Information. These observations were confirmed by the
calculated percentages of mass lost by each Epoxy 1 sample in Figure 36. The transition
temperatures of each sample are also plotted with the changes in mass. Epoxy 1 samples of mix
ratios 2.56, 3.0, 3.5, and 4.0 : 1 exhibit a secondary relaxation transition at lower temperature.
The presence of a secondary transition seems to result in a greater loss in mass due to exposure
to solvent, suggesting that the secondary transition weakens the crosslinked structure of the
epoxy and makes the material more susceptible to breakdown.

Figure 34. Remaining residue left in vials after Epoxy 5 samples were soaked in DCM for an
equal amount of time, with the red star indicating the sample with maximum Glass transition
temperature and the green plus indicating the sample of the manufacturer recommended ratio.

Figure 35. Remaining residue left in vials after Epoxy 1 samples were soaked in DCM for an
equal amount of time, with the red star indicating the sample with maximum Glass transition
temperature and the green plus indicating the sample of the manufacturer recommended ratio.
58

0

120
100

-1

Transition Temperatures /°C

Relative Mass Change /%

-0.5

-1.5

80

-2
-2.5

60

-3

40

-3.5
-4

20

-4.5
-5

0
0

1

2
3
4
Parts of A per Part B
Change in Mass
Transition Temperature

5

Figure 36. Measurements of the mass loss in Epoxy 1 samples soaked in DCM. Part of A per
Part B of 2.6 and higher contain both secondary and glass transitions (green triangles) – the
lower temperature transition is the secondary transition in these samples.

To learn more about the effects of solvent on the viscoelastic properties of the epoxy, one
slab from each of Epoxy 1, 2, and 3 were tested in DMA with torsion geometry before and after
being soaked in DCM. After being soaked in DCM, the tan(δ) plot of the Epoxy 1 slab in Figure 37
shows the emergence of a new relaxation transition at a lower temperature, most likely due to
areas of lower crosslink density in the sample where the solvent dissolved excess Parts A and B
to leave behind more free volume. In addition, the glass transition temperature shifted to a lower
temperature, which can also be attributed to the dissolving of excess and unreacted Part A and
Part B in the sample.
The viscoelastic properties of Epoxy 2 and Epoxy 3 (Figures 58 and 59 in Appendix B)
are not as dramatically affected by the solvent soak. While the glass transition temperature
decreased for both epoxies, the crosslink density remained uniform. In addition, the secondary
transition of Epoxy 2 was only slightly affected, if at all, by the DCM with no clear shift in
temperature observed.
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Figure 37. Tan(δ) plots of an Epoxy 1 slab before and after being soaked in DCM.

3.6. Compliance
The compliance measurements of the various epoxy samples followed the glass
transition temperature and solvent resistance trends, adding to the network of epoxy property
relationships. The compliance values for various samples of Epoxy 1, 2, and 3 indicate that a
certain mix ratio corresponds to a sample with a minimum compliance for that epoxy system
(Figure 38). There also exists an inverse relationship between epoxy compliance and glass
transition temperature (Figure 39). A sample with a lower glass transition temperature has a
looser crosslinked network and will therefore show greater displacement under a given stress
compared to a sample with a high glass transition temperature under the same stress. As a
result, changes in the mix ratio of an epoxy can change the compliance of the material.
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1E-05

Compliance /Pa⁻¹

1E-06

1E-07

1E-08

1E-09

1E-10
0.5

1

1.5

2
2.5
3
Parts of A per Part B

Epoxy 1

Epoxy 2

3.5

4

4.5

Epoxy 3

Figure 38. Compliance as a function of the amount of Part A present in the material
demonstrates that a sample of a certain mix ratio exhibits the lowest compliance and moving offratio from that sample results in an increase in compliance. The red-outlined points represent the
mix ratio corresponding to maximum Tg for that system.
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1E-09
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Glass Transition Temperature /°C
Epoxy 1
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140

Epoxy 2

Figure 39. As the glass transition temperature of an epoxy sample increases, the compliance of
the sample decreases.
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3.7. Moisture Absorption
The goal of the moisture absorption test was to learn more about how the different
epoxies might respond to high temperature, high humidity conditions characteristic of a Steam-InPlace sterilization commonly used in the biopharmaceutical industry. The exposure to water at
high temperatures caused a decrease in Tg in all three tested epoxies (Figure 40, 41, 42), with
Epoxy 2 being affected the least (Figure 41). Epoxy 1 experienced a decrease in Tg, which began
to increase over time as water evaporated from the system (Figure 40). Epoxy 3 exhibited a
decrease in Tg and a change in the uniformity of its crosslink density (Figure 42). This effect was
not permanent, as the sample showed an increase in Tg to a temperature higher than the original
one week after boiling. Table 11 shows that the glass transition temperature of Epoxy 2 fluctuates
much less than Epoxy 1 or 3.

Figure 40. Tan(δ) plots of an Epoxy 1 sample before and after being boiled; this epoxy had a
lower Tg than water’s boiling point and showed more pronounced effects from water adsorption.
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Figure 41. Tan(δ) plots of an Epoxy 2 sample before and after being boiled; this epoxy had the
greatest Tg of the three tested epoxy samples.

Figure 42. Tan(δ) plots of an Epoxy 3 sample before and after being boiled; this epoxy had a
lower Tg than water’s boiling point and showed more pronounced effects from water adsorption.

Table 11. Effect of Boiling on Epoxy Glass Transition Temperature
Epoxy

Tg
/°C

1
2
3

86
109.5
63

ΔTg
(After 1 Day)
/°C
-8
-3.4
-5

63

ΔTg
(1 Week – 1 Day)
/°C
+2
+3.7
+9

3.8. Coefficient of Thermal Expansion (CTE)
The coefficient of thermal expansion of an epoxy is a key property in predicting
performance when incorporated in a manufactured product with other materials, as large
differences in CTE between materials can cause integrity problems within the product. The
coefficient of thermal expansion measurements confirm that the expansion is non-linear in
epoxies. In Figure 43, all three epoxies tested have non-linear expansion, but they differ slightly in
their expansion rates across the same temperature range. This is due to the differences in glass
transition temperature and chemical composition.
0.025

0.02
y = 1E-06x2 - 2E-05x
ΔL/L0

0.015

0.01

y = 7E-07x2 + 9E-06x

0.005

y = 4E-07x2 + 2E-05x

0
0

20

40

Epoxy 1, on-ratio

60

80
100
Temperature /°C

Epoxy 2, on ratio

120

140

160

Epoxy 3, on-ratio

Figure 43. The thermal expansion behaviors of Epoxy 1, 2, and 3 are not linear, and the rate of
expansion increases as Tg is surpassed and greater temperatures are reached.

3.9. Thermogravimetric Analysis
Preliminary testing of epoxy samples in TGA suggest that an increase in the amount of
Part A present in the sample results in an increase in the material’s thermal stability (Figure 44)
due to the presence of more aromatic rings.
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Sample Mass Remaining /%

101
100
99
98
97
96
95
94
0

100

200
300
Temperature /°C
1.0 : 1
1.9 : 1

400

500

Figure 44. The thermal degradation rates of different ratios of Epoxy 1. Thermal resilience is not
only due to cross-linking.
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4. DISCUSSION
The main goal of this study was to determine how the final material properties of a cured
epoxy can be altered without changing the material of construction, with a focus on properties
that are relevant to bioprocessing applications, through the testing of a number of different epoxy
systems prepared in a range of mix ratios. In this study, the optimal methods for measuring the Tg
of various epoxies were determined by exploring different instrumentation, including DMA and
DSC. The results from this study will help determine the critical properties and behavior of epoxy
systems that distinguish one system from another and give insight into material performance as a
result of mix ratio.
In order to gain a strong understanding of the epoxy material performance, adequate
characterization of the epoxy material properties was required. The results were used to identify
any changes in the network’s properties as a result of changes in the mix ratio or annealing
conditions. In this study, solvent resistance experiments, compliance measurements, coefficient
of thermal expansion measurements, moisture absorption studies, and thermal stability studies
were completed with the goal of gaining a greater understanding of the crosslinked network and
material performance for each epoxy system with varying mix ratios. The coefficient of thermal
expansion, moisture absorption, and thermal stability studies require further testing with more
variations in mix ratio to gain a greater understanding of the relationships between these
properties and mix ratio, which may be completed in future studies. Three different epoxy
systems were tested for their coefficient of thermal expansion and moisture absorption to show
that there is a difference in behavior between epoxy systems.
4.1. Optimizing Epoxy Characterization Method to Find Tg: Torsion Geometry is Optimal
In learning more about the relationships that exist between epoxy chemical components
and the final material properties, it became more evident which test methods were most efficient
in characterizing the epoxy samples. Three different methods were used to measure the glass
transition temperature of the cured epoxy:
•
•
•

DMA with torsion clamp geometry
DMA with single cantilever clamp geometry
DSC
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Ultimately, the DMA with torsion clamps was found to give the most detailed and
consistent data concerning the Tg of various epoxy samples.
Using the single cantilever geometry to measure the viscoelastic properties of epoxy
materials proved to be more difficult than expected. As the sample was heated, the data began to
show increasing levels of noise due to resonance of the instrument (Figure 18). This is likely a
result of the sample buckling as it expands with increased heat due to the way the slab is
clamped. While the single cantilever geometry has been successfully implemented to
characterize epoxy samples on a traditional stand-alone DMA, the DMA mode on the DHR-2
does not have the capability to fully accommodate the thermal expansion of epoxy materials in
the same way.
As epoxy is heated, the material expands in all directions, but issues with data collection
occur when the force against the clamps cannot be alleviated or controlled. In the torsion
geometry (Figure 45), as the epoxy material expands in the axial direction (vertically) it pushes up
against the upper clamp and pushes down against the lower clamp. The DHR-2 contains a
function referred to as Axial Force Control that allows the instrument to be programmed to
maintain a certain axial force throughout the test. As the sample expands and an axial force is
placed against the upper clamp, the instrument has the ability to move the clamp vertically and
reduce the axial force. Thus, the pressure from the expanding epoxy material can be alleviated to
maintain satisfactory data collection. On the other hand, as the epoxy sample expands in the
single cantilever geometry (Figure 43) the material pushes against the clamps from the side.
Because only one clamp is able to move vertically up and down, and neither clamp is able to
move from left to right, the pressure of the expanding epoxy material cannot be mitigated,
causing the instrument to resonate, creating noise in the data collection.
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Figure 45. The schematic demonstrates the pressure that is exerted on the clamps as a result of
thermal expansion, with torsion on the left and single cantilever on the right. The red arrows
indicate direction of pressure and the green arrows indicate the geometry’s direction of motion
used to apply strain on the sample during testing.
While some data from the single cantilever geometry gave Tg values similar to those
collected in the torsion geometry, the noise made the data unreliable and inconsistent, especially
at temperatures approaching and above the glass transition temperature of the test sample.
Therefore, the torsion geometry was the preferred method over single cantilever clamps in DMA.
The DSC thermogram data gave more reliable information than the single cantilever
geometry, but less detailed data than the torsion geometry. Upon comparison with the data from
the torsion geometry (Figure 15), it was concluded that characterization of epoxy materials with
the DMA torsion geometry produced more detailed information. For example, the relaxation
transitions (both secondary and glass transitions) were clear in the torsion data plots, and small
changes were easily traced, whereas some of the transitions, particularly in samples exhibiting
both secondary and glass transitions, were difficult to identify and analyze in the DSC
thermograms. This is potentially due to the limited sample size that is analyzed in DSC. Although
the cause of secondary relaxation transitions is not universally agreed upon at this time, some
studies suggest that the transition is a result of short range motions of areas within the network
composed of low crosslink density that are surrounded by high crosslink density which restricts
the full range motion.25,26,28,29 According to these theories, small areas of a sample exhibiting a
secondary transition would contain low crosslink density and undergo increased chain mobility at
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low temperatures (Figure 46A), but would be hindered slightly by areas of high crosslink density
(Figure 46C). A material with mixed crosslink densities will have areas with high crosslink
density, areas with low crosslink density, and areas with both (Figure 46B). This would explain
why one DSC test shows both transitions clearly while a second test of the same sample shows
only one in Figure 15. On the other hand, the DMA torsion uses such a large sample size
comparatively that it measures more of the bulk properties. In addition, preparation of the epoxy
sample for the DSC was quite difficult as it required the small sample to have a flat side to lay
against the sample pan and yield smooth DSC plots. Due to the great mechanical strength of
epoxy materials, it was difficult to precisely cut pieces of epoxy small enough to fit in the
aluminum pan with the lid on while maintaining a perfectly flat side of the sample. Overall, the
DSC as a method of Tg analysis of epoxy was found to be sufficient when only a small amount of
epoxy is available, as the torsion geometry requires a rectangular sample for satisfactory testing
and data collection. DSC was found to be inadequate when analyzing samples with complex
relaxation behavior consisting of multiple relaxation transitions. Data acquired from the DMA
torsion tests provided the most meaningful information in characterizing the five different epoxy
systems. The tan(δ) plots from DMA torsion tests were used to acquire accurate and consistent
glass transition measurements, but the data also revealed the presence of secondary relaxation
transitions in some of the epoxy slab samples of Epoxy 1 and Epoxy 2 because the technique
was more sensitive and amplified the weak transitions that went unnoticed in DSC. DMA using a
torsion clamp geometry proved to be the optimal characterization method to measure the glass
transition temperature of epoxy materials, giving consistent, reliable and detailed information.
These results agree with previous literature.23
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Figure 46. A schematic representation of an epoxy sample highlighting three different areas
(located in different areas of an epoxy slab) where a DSC sample might give different
thermogram plots despite being extracted from the same sample. (A) DSC sample that would
exhibit a single low temperature transition, (B) DSC sample that would exhibit both a low
temperature and high temperature transition, (C) DSC sample that would exhibit a high
temperature transition.

4.2. Modifying Mix Ratios to Alter Tg: Balancing Material Usability and Properties
Characterization of five different epoxy systems revealed trends in the Tg analyses that
are universal to all epoxies. Based on the DMA torsion data, it was observed that all of the epoxy
systems had similar viscoelastic behaviors when the ratio of Part A to Part B is altered (Figure
28). As shown, there exists a ratio at which the Tg reaches a maximum temperature and moving
off-ratio with either excess Part A or B results in a decrease in Tg, which agrees with previous
studies that were exploring the effects of mix ratio on composite performance.59 This appears to
be a universal trend among all epoxy systems, caused by the nature of two-component systems.
The reactive groups of Part A (epoxides) react with the reactive groups of Part B (amines) to form
the crosslinked epoxy network. Therefore, an optimal, stoichiometrically-balanced ratio in which
epoxy reactive groups react with most of the present amine reactive groups will produce a
material with the greatest crosslink density. Changing the mix ratio to add excess Part A or Part B
will effectively dilute the system and decrease the crosslink density and Tg. The effect of excess
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Part A or B is further illustrated in Figure 47. It should be noted that diluting the system with Part
A or Part B equivalently does not necessarily have equivalent impacts on the structure of the
network because chain elongation and entanglement proceed differently with excess Part A or B
which typically have different reactive group densities. The difference in effect derives from the
structural differences, functionalities, and molecular weight of the components of Part A and Part
B, as all of these factors influence the structure of the epoxy crosslinked network.
Ideal x-link
network

Breakdown w/
excess hardener

Breakdown; Excess Part B

Ideal Crosslinked Network

Breakdown; Excess Part A
Breakdown w/
excess epoxy

Figure 47. Effects of excess Part A or B on the crosslinked network of the final epoxy material.

4.3. Use of Heat Treatments to Modify Epoxy Tg
The annealing cycle is a critical step in the epoxy preparation as it heats the material to
an elevated temperature to produce a finalized crosslinked structure and removes residual
internal stresses in the material that form during curing. After curing, the epoxy network has been
formed but unreacted components can remain. During the annealing cycle, the molecular mobility
of the network increases as the epoxy is heated to higher temperatures, allowing access to more
reaction sites of unreacted components. The enhanced molecular mobility also promotes
additional reactions with 2° amines that were formed during curing from the reaction of a 1°
amine and epoxide group, which increases the crosslink density of the network and results in a
greater Tg in the final material, as shown in Figure 48.
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Figure 48. Comparison of the Tg of annealed and un-annealed epoxy samples reveals the
importance of an annealing step. The points outlined in red are for Epoxy 2 samples, while the
rest of the samples are Epoxy 1.

The annealing studies emphasized the importance of the annealing ramp on the final
material properties of the epoxy, particularly in Epoxy 1. These studies initially focused on Epoxy
1 and Epoxy 2 to determine if the annealing cycle influenced the secondary transition observed in
the DMA torsion data. Certain ratios with excess Part A of Epoxy 1 contained a relatively large
lower temperature relaxation transition preceding a second, higher temperature transition
assumed to be the glass transition. This assumption was confirmed by placing samples of Epoxy
1 that exhibited two relaxation transitions in an oven to be heated at a temperature between the
transitions. Once equilibrated at the set temperature, the samples were physically bent by hand to
observe the compliance. It was found that the samples, though more flexible than they were
previously at room temperature, were not yet in the rubbery phase that is achieved past the glass
transition temperature. This confirmed that the first relaxation transition was a lower temperature
secondary transition while the larger transition at high temperature was the primary glass
transition. Some samples of Epoxy 1 also had a third, small, and mid-range relaxation transition.
On the other hand, the relaxation transitions that were present in some Epoxy 2 samples were
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small comparatively, and only observable with the data plotted on a logarithmic scale. The data
from the additional samples of Epoxy 1 and 2 that were annealed in a slow cycle indicated that
the nature and cause of these relaxation peaks differed in the two epoxy systems. The relaxation
transition in Epoxy 2 was observed in the DMA torsion data no matter which annealing cycle was
applied, while the relaxation transition in Epoxy 1 was not observed when the sample was
annealed with the slow cycle (Table 9).
Currently there is limited information concerning the source of the secondary transitions
that have been observed in epoxy materials, and therefore there is no consensus on what causes
them. Some have suggested that this transition is due to local motions of chain ends and the
hydroxyether/secondary and tertiary amines that are created during crosslinking (Figure
49B).24,27,30 In a network such as the one portrayed in Figure 49B, the low molecular weight
unreacted chain ends and small substituents may gain chain mobility at low temperatures, but
this motion will be largely inhibited by the rigid crosslinked network. Others believe the transition
is a result of local motions of lower crosslink density sites or chains that are restricted in their full
range motion by surrounding higher crosslink density (Figure 49A).25,26,28,29In the center of the
circle of Figure 49A there is low crosslink density that is surrounded by higher crosslink density.
When a sample with such a network is heated, the center will begin to gain molecular mobility at
a lower temperature, but the rigid surrounding network will limit the extent of mobility. In these
studies, it is unclear whether the transition is cure dependent.
In another study, an epoxy material contained a second relaxation transition that changed
or disappeared depending on the cure conditions of the epoxy. This second transition has been
reported to be due to a second cross link density that results from incomplete or uneven cure.31
Optimized curing conditions ensures that the crosslinked network is uniform such that the
material undergoes the glass transition at the same temperature, resulting in a single transition.31
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Figure 49. A schematic representation where the intersections of the lines represent crosslink
sites and the small red lines represent unreacted chain ends and hydroxyether/partially reacted
functional groups. (A) An example of an area of low crosslink density surrounded by high
crosslink density, which restricts its molecular mobility during heating. (B) A schematic illustrating
small chain ends or hydroxyether and partially reacted functional groups (such as secondary and
tertiary amines) that may begin to experience increased chain mobility at low temperatures prior
to the rest of the network exhibiting chain mobility, resulting in localized, short range motions.

It seems most likely that the relaxation transition observed in Epoxy 1 is due to an
uneven cure that created multiple crosslink densities which undergo the glass transition at
different temperatures. A slower annealing ramp to the same temperature heats the epoxy more
evenly and allows for more uniform crosslinking, and the absence of a second transition in the
DMA torsion data. In Figure 48, the un-annealed Epoxy 1 samples have low Tg values, but an
annealing cycle with a fast temperature ramp results in a material with a high Tg as well as a
secondary transition that occurs at the same temperature as the Tg of the un-annealed samples.
With a slow annealing cycle, the Tg does not increase as dramatically, but the crosslink density is
uniform throughout the material and a single glass transition is observed. This suggests that the
rapid temperature ramp of the fast annealing cycle caused some areas of the material to maintain
the same crosslink density even after annealing, indicating that the secondary transition of Epoxy
1 is due to uneven cure and multiple crosslink densities. Moreover, when an Epoxy 1 slab
containing a secondary relaxation peak underwent additional annealing for extended periods of
time at elevated temperatures, a shift in the secondary peak towards the glass transition peak at
higher temperatures was observed (Figure 37). In the on-ratio Epoxy 1 sample the secondary
peak was seen to shift into the glass transition peak, leaving a single peak in the place of the two
peaks that were previously observed. This further supports that the Epoxy 1 secondary peak is
due to an uneven and incomplete cure similar to what was observed in a previous study.31 Figure
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50 illustrates what a network with multiple crosslink densities might look like. Other studies
speculated that areas of lower crosslink density could contribute to a secondary relaxation
transition, but no further experiments were completed to determine if the observed transitions
were cure dependent. Although the secondary transition was removed with additional annealing
at elevated temperatures, this would not be an ideal method of creating a uniform crosslink
network as this caused extreme discoloration in the epoxy and increased brittleness as seen
experimentally. After annealing some of the Epoxy 1 samples consecutively at elevated
temperatures, some samples broke while being set up in the DMA torsion clamps due to
increased brittleness, where they did not break as easily prior to the excessive heating.
Ideal x-link
network

Low Crosslink
Density Area

High Crosslink
Density Area

Figure 50. Epoxy networks can have areas of both low and high crosslink density due to uneven
curing. This can be present at a scale that ranges between microscopic and macroscopic in size,
resulting in a measurable difference during the experiment.

After soaking some of the epoxy slabs in DCM, the viscoelastic properties measured in
DMA torsion changed, which may indicate a change in the crosslinked network. A full slab of
Epoxy 1 was placed in DCM for a period of time after initial torsion characterization. The slab was
then tested in torsion post-DCM soak. The data showed a new secondary transition occurring at a
temperature slightly lower than the original glass transition observed in the data from the first
torsion run. This is most likely a result of the DCM weakening parts of the epoxy network by
dissolving any unreacted resin or curing agent to leave behind new free volume and create areas
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with a second crosslink density that is lower than the rest of the original material. This new
transition appeared similar to the secondary transitions observed in the Epoxy 1 samples that
were annealed quickly, supporting the theory that the secondary transition in this system is due to
the presence of multiple crosslink densities.
The secondary relaxation peak of Epoxy 2 was unchanged by changes in the annealing
conditions and could have a couple of possible sources. It could be due to local motions of chain
ends and the hydroxyether/secondary and tertiary amines that are created during crosslinking
reactions or a result of local motions of small lower crosslink density sites or chains that are
restricted in their full range motion by surrounding higher crosslink density. If the nature of the
secondary transition is similar to that of Epoxy 1, it is likely that the secondary relaxation transition
is due to small areas within the network that have lower crosslink density.
In addition to improving the understanding of the secondary relaxation peaks of Epoxy 1,
annealing various samples in different cycles was completed to learn about effects on the glass
transition temperature (Tg). A change in the annealing cycle clearly had the greatest impact on
the Epoxy 1 samples. In the Epoxy 1 samples containing a secondary transition, not only did the
secondary transition disappear, but the glass transition temperature decreased as well when
annealed with a slow temperature ramp. Conversely, Epoxy 1 samples with a single glass
transition exhibited only slight shifts in Tg, if any at all. The slow annealing cycle had a similar
effect on the rest of the epoxy systems, in which the Tg experienced small shifts of a few degrees
when compared to the Tg of a fast-annealed sample.
The exact source for why Epoxy 1 is unevenly cured when annealed quickly, while the
others cure evenly, is uncertain. During the annealing of Epoxy 1, access to elevated
temperatures allows the material to further crosslink, but the fast annealing cycle reaches the final
temperature before the network can fully and evenly react. At this final temperature the epoxy
network becomes locked into place prematurely, potentially leaving small areas of lower crosslink
density surrounded by the rest of the highly crosslinked network. In terms of chemical
composition, the main differentiating characteristic of Epoxy 1 is the long, aliphatic chain that is
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present in the amine hardener (Part B). This suggests that the uneven cure with quick heating is
related to the kinetics of the cure reaction and the mobility of the aliphatic chain. The results of
the mixed epoxy samples (Figure 37, 38, 39) support the idea that the relaxation peak might stem
from the aliphatic chain of the amine hardener. The relaxation transition was observed in all
samples containing Part B of Epoxy 1, while samples containing Part A of Epoxy 1 and Part B of
another epoxy exhibited a single glass transition. This data confirms that a component in Part B
of Epoxy 1 was the source of the relaxation transition, though it does not confirm whether or not
the aliphatic chain is the specific cause.
A select number of samples from Epoxy 1, 2, and 3 were tested further to learn more
about the annealing cycle effects. One set of samples were annealed with a slow annealing cycle,
tested, annealed with a fast cycle, and tested again. A second set of samples were annealed with
a fast annealing cycle, tested, annealed with a slow cycle, and tested again. The data for these
samples can be found in Table 10. For all samples, no matter the order of annealing cycles, the
viscoelastic properties were minimally affected by the second annealing cycle implemented, and
the Tg shifted only slightly. This data confirmed that once annealed at high temperatures, the
network structure of the epoxy is locked into place, suggesting that once the epoxy material is
annealed, the viscoelastic properties will not change due to additional heat cycles. It is important
that the material does not change in response to heat, particularly in devices for the
biopharmaceutical industry, as it is common to use steam-in-place or autoclave methods – both
at elevated temperatures – for sterilization and a change in material property after sterilization
may lead to changes in product integrity or performance. During regular processing by end-users,
it is critical that unforeseen consequences adversely impacting a product due to processdependent material property changes do not occur.
Although the temperature ramp rate of the annealing cycle did not drastically affect Epoxy
2 through 5 tested in this study, the annealing step itself had great impacts on the final material,
based on the Epoxy 1 and 2 data shown in Figure 48. It is undoubtedly important to develop, test
the limits of, and implement an annealing cycle. For example, in developing a manufacturing
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process that includes curing of epoxy, a single cure and anneal process with specific conditions
may be chosen and used. However, it is important to test those conditions to determine the upper
and lower limits of the cure and annealing cycle within which the epoxy properties remain the
same and will perform as expected in the product. The annealing cycle must be carefully
developed and sufficiently tested to ensure that it allows for maximum and uniform epoxy
crosslinking, as once the annealing cycle is complete, the epoxy network structure is locked into
place. This will avoid secondary relaxation transitions, such as those observed in Epoxy 1, which
result specifically from multiple crosslink densities. Therefore, it is important to implement a final
heat treatment step to the epoxy to ensure a fully cured material with unchanging properties. The
annealing cycle parameters have a direct influence on the final material properties of epoxy and
should be carefully developed.
4.4. Amine Curing Agent Chemistry Influences the Extent Mix Ratios Can Be Adjusted
Experiments were completed to further explore the nature of the observed secondary
transitions, including the characterization of mixed epoxy samples which indicated that the amine
curing agent chemistry influenced whether or not a secondary relaxation transition was present.
The intent was to gain a greater understanding of how to control the presence of a secondary
relaxation transition by understanding where its source is from. Initially, the mixed epoxy samples
were prepared with the intention of learning more about the source of the relaxation peaks that
were observed in the DMA torsion data, but it was found that the viscoelastic properties of all
samples were influenced mainly by the amine curing agent (Part B). When compared with the
data from the pure epoxy slab of Part A and the pure epoxy slab of Part B that composed the
mixed slab, the mixed epoxy plots appeared more comparable to that of the pure epoxy slab of
Part B (Figure 31, 32, 33). This was true for all mixed slabs that were prepared. This reveals that
the amine chemistry of the curing agent plays a significant role in determining the structure of the
epoxy network and the material’s crosslink density. As expected, this data confirms that the
epoxy material is heavily influenced by the chemistry of the epoxy formulation.

78

Furthermore, in plotting the glass transition temperatures of all epoxy systems tested as a
function of the percent of Part A in the epoxy sample (Figure 51), it is clear that the behavior of
each system is similar with excess Part B (left side of plot), but begins to diverge from one
another with limited Part B and excess Part A (right side of plot). Almost all of the epoxy systems
incorporate an epoxy resin composed of a bi-functional aromatic short molecule. Therefore, as
epoxy with limited Part A epoxy resin and excess Part B curing agent cures, the epoxy molecules
quickly react with the primary amines present in the system. Because the oxirane groups are
limited, its supply runs out before any secondary amines (which are less reactive than primary
amines) have the opportunity to react, limiting the accessed functionality of the amines. Moving to
the right side of the plot, as the limiting component is Part B and the excess component is Part A,
the five epoxy systems behave differently. This is because the excess number of epoxy
molecules are able to react with both primary and secondary amines of Part B. In these samples,
the functionality of the amine molecules becomes more significant as they are fully reacted by the
abundant epoxy molecules of Part A. Figure 52 illustrates the effect of amine functionality on the
crosslink density of the cure epoxy network. For this reason, the epoxy systems, such as Epoxy
2, with high functionality amine molecules and high reactive group densities (shown in Table 12)
are able to create highly crosslinked networks and achieve greater glass transition temperatures
before the percent of Part A reaches excess levels and the glass transition temperature begins to
decrease. This is shown in Figure 51, where the Tg of Epoxy 2 continues to rise with increasing
percent of Part A after the Tg of Epoxy 4 with a lower reactive group density, for example, had
surpassed its ratio of maximum Tg and began to decrease in temperature. The results presented
in Figure 51 do not perfectly coincide with the values in Table 12, likely due to other factors that
can influence the crosslink density of the network, such as component structures. For instance,
Epoxy 3 has a mid-value reactive group density, but exhibits a maximum Tg at Part A
concentrations comparable to Epoxy 4. The curing agent of Epoxy 3 also contains a flexible
glycol chain that could contribute to the low Tg. Meanwhile, Epoxy 1 exhibits higher glass
transition temperatures than would be expected based on the calculated reactive group density,
but it should be noted that these samples contain secondary transitions that can also skew the
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results and influence the crosslink density of the network. Nonetheless, the curing agent
functionality is a strong driving force behind the differences in maximum Tg that is achievable
among Epoxy 1 through Epoxy 5. Epoxy-amine systems with higher amine curing agent
functionality are able to achieve a more densely crosslinked network than systems with lower
functionalities. It can also be seen that each epoxy system experiences changes in Tg at different
rates with the same change in percent of Part A. This is numerically demonstrated in Table 12,
where the slopes representing the rate of Tg change as a function of percent of Part A of each
system before and after the maximum Tg are listed. A greater maximum Tg achievable by the
system does not lead to faster or slower rate of change in Tg, suggesting that this is largely a
function of the curing agent chemistry. The curing agent chemistry influences the degree to which
changing the mix ratios alters the final material properties.
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Figure 51. Glass transition temperature as a function of the percent of Part A for all epoxy
systems.

Table 12. Rate of Change in Tg and Estimated Reactive Group Densities
Epoxy

Slope Before Tg, max

Slope After Tg, max

1
2
3
4
5

2.52
2.84
2.15
2.87
1.95

-2.80
-5.06
-2.60
-3.10
-4.52

80

Reactive Group Density
/RG1*cm-3
6.6·1021
1.4·1022
1.1·1022
7.7·1021
1.2·1022

Figure 52. The crosslink density of the epoxy system is increased with increasing functionality of
the amine curing agent (blue), which reacts with the epoxy molecules (red). Each amine
functional end group can react with two epoxy molecules.

4.5. Effect of Mix Ratio on Epoxy Performance Properties: Solvent Resistance, Compliance,
CTE, Moisture Absorption, Thermal Stability
Various experiments were completed to analyze the epoxy samples for their performance
properties in relation to mix ratio, including solvent resistance experiments, compliance
measurements, coefficient of thermal expansion measurements, moisture absorption
experiments, and thermal stability studies. The results demonstrated the relationships that exist
between the glass transition temperature and the crosslink density of epoxy samples,
emphasizing that the glass transition temperature is critical in epoxy characterization. The results
also showed how variations in mix ratio cause changes in some properties of the final epoxy
material due to both crosslink density and chemical composition.
In order to learn about the crosslinked network structure and chemical resistance of the
samples of different mix ratios, pieces of the epoxy slabs were placed in vials of dichloromethane
(DCM). It was expected that a more densely crosslinked material would be broken down by the
DCM less than a loosely crosslinked material because it would be more difficult for the DCM to
penetrate the highly crosslinked material due to the lack of free volume between polymer chains.
On the other hand, a material with a loosely crosslinked network contains great amounts of free
volume that allows the DCM to quickly penetrate the material and break down the network. There
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are two different scenarios in which the chemical resistance of an epoxy material can be
compromised due to its crosslink network – a network in which there is excess Part A or B
molecules (Figure 53B) or a network in which the reactant Part A and B molecules have low
functionality (Figure 53C). In Figure 53B, it is shown that after the epoxy has been exposed to
solvent, the solvent dissolves the excess, unreacted molecules and any short chains to leave
behind gaps in the network. The new network is now much more susceptible to mechanical
damage. In Figure 53C, after exposure to solvent, the network is swelled with solvent molecules
that penetrated into the network to form interactions with the epoxy. This swelling effect
decreases the mechanical strength and hardness of the epoxy material. Figure 53A illustrates
that a network with high crosslink density will be relatively unaffected by solvent exposure with
slight swelling effects.

Figure 53. Effect of Solvent on (A) a highly crosslinked network, (B) a network with excess Part A
epoxy resin, and (C) a loosely crosslinked network.
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Due to the irreversible swelling effects of DCM in the epoxy, an indirect method was used
to determine the relative mass loss of each sample using the mass of the glass vials before and
after the solvent soak. Additionally, the remaining residue and small pieces of broken off epoxy in
the vials were visually inspected and compared. Although a qualitative method, all five epoxy
systems showed evidence of a similar trend, in which the remaining residue was lowest at a midrange ratio (Figure 34, 35, Appendix B). The amount of residue left in the vial increased as the
part A : B ratio moved towards a minimum (1.0 : 1) or a maximum (4.0 : 1). These observations
were supported by the quantitative results of the solvent soak of Epoxy 1, in which the calculated
relative changes in mass plotted in Figure 36 showed that a certain ratio had a minimum sample
mass loss which coincided with the sample ratio of maximum Tg. This confirmed that the crosslink
density was maximized in the sample with the highest Tg and resulted in a lower relative loss in
mass, and therefore greater solvent resistance.
To supplement the solvent soak data, the compliance values of Epoxy 1, 2, and 3 were
measured and compared to determine which samples underwent the least deformation under a
specific load. A lower compliance value indicates that the material responded to the stress with a
smaller amount of deformation. In all tested epoxy systems, it was found that the sample with the
lowest compliance was the sample with the highest glass transition temperature and crosslink
density (Figure 38). Samples with a higher Tg and crosslink density require more energy to
achieve molecular mobility. Thus, the ratios that produce a material with the highest Tg also
produce materials that are more rigid because the molecules and chains are less mobile in the
densely packed crosslink network. This rigidity correlates to a material that deforms smaller
amounts under a given applied load, translating to a low compliance value.
Based on these studies, it appears that each epoxy system has a specific mix ratio that
will produce a material with maximum crosslink density and Tg with minimal excess or unreacted
components. It follows that the chosen mix ratio can influence epoxy material physical properties,
such as solvent resistance and compliance, that are linked to the crosslinked structure of the
epoxy network. However, when the experimental values from this study are compared to the
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recommended mix ratios from manufacturer technical data sheets, shown in Table 13, many
ratios do not match.
Table 13. Comparison of the Manufacturer’s Ratio to the Ratio of Maximum Tg
Epoxy

Recommended
Ratio

Epoxy 1

2.56

Ratio
of Max.
Tg
2.0

Epoxy 2

2.9

2.9

Epoxy 3

2.17

2.0

Epoxy 4

2.4

2.0

Epoxy 5

4.37

3.0

The recommended ratio from the manufacturer does not always produce a
stoichiometrically-balanced material with minimal excess components. It is believed that some
ratios do not match because the manufacturers may develop an epoxy with a specific application
in mind that requires a target Tg. In that case, the manufacturer may alter the ratio until that Tg is
reached, even if the reactive groups of Part A and Part B are not in a stoichiometric 1 : 1 ratio.
These recommended ratios may be optimized for that one application, but such an epoxy may
perform poorly in another application. Some applications seek to optimize compliance at a given
temperature, while others may seek resilience to solvents or aggressive conditions. Thus, a
single epoxy system may be used for multiple applications of varying requirements by modifying
the mix ratio.
Some of the other epoxy properties that were moderately explored were moisture
absorption, thermal expansion, and thermal stability. These properties are important in
determining the suitability of an epoxy material for specific applications or product requirements,
which are of interest for the operational requirements in the bioprocessing field. These properties
were assessed for changes as a result of varying mix ratio to determine how effectively the mix
ratio can be used to modulate epoxy performance properties.
One of the most common methods of sterilization of processing equipment in the
biopharmaceutical industry is steam-in-place (SIP). It is an in-line sterilization method in which a
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production train is flushed with clean steam for at least 30 minutes after reaching a minimum
temperature of 121°C.60,61 The moisture absorption test was designed to determine how
dramatically the epoxy used in bioprocessing equipment might be affected by high temperature,
humid environmental conditions. Samples of Epoxy 1 of various mix ratios were weighed before
and after being boiled. The amount of water that was absorbed by each epoxy sample was not
significant (less than 1%). The epoxy pieces were weighed over time after being boiled, and the
water was expected to fully evaporate over time; however, a minimal amount of water most likely
remained. This has been reported to be a result of water molecules interacting with the polar
groups of the epoxy network.35,36 Nevertheless, the minor amount of absorption by the epoxy
suggested that SIP cycles would not negatively impact the performance of the epoxy in
biopharmaceutical devices. In testing an epoxy slab in torsion before and after boiling, the Tg
decreased slightly in Epoxy 1, 2, and 3. This is likely due to the swelling effect that occurred with
the absorption of water. The swelling causes the network to stretch out leaving more free volume
between chains.35 When tested in torsion, less thermal energy was required to reach the glass
transition and the measured Tg was shifted to a lower temperature than was observed before
boiling. Epoxy 2 was minimally affected by the boiling (Figure 41), assumed to be in part due to
the highly crosslinked network that prevented water from penetrating the material to swell.
Because the material had such a dense crosslinked network, the Tg was above the boiling point
of water by about 10°C and the material remained in the glassy state during the experiment. On
the other hand, Epoxy 1 and 2 were in their rubbery states during the experiment as the Tg of
both epoxies were below boiling temperature. This likely prompted greater water swelling during
the experiment, leading to more substantial effects on the viscoelastic properties of the epoxy
materials, observed in Figure 40 and 41. The results of this experiment suggest that a denser
crosslinked network will experience improved resistance to moisture exposure, though additional
data should be collected for more conclusive results. Based on the current data, it appears these
medical epoxies do not absorb significant amounts of water, suggesting that this property would
not be well-controlled through variations in the mix ratio.
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The coefficient of thermal expansion (CTE) of epoxy can impact the way it performs in a
product, particularly if it is used in a composite or assembly with other materials of differing
coefficients of thermal expansion. The CTE of the tested epoxy systems in this study were found
to be nonlinear. As the temperature was increased above the glass transition temperature into the
rubbery regime, the rate of thermal expansion increased as well (Figure 43). This occurs due to
the sudden large increase in molecular mobility as the material passes through the glass
transition. Below the material’s Tg, the chains are limited in mobility and therefore do not move
enough to significantly increase the volume of the material. As the temperature continues to rise
past the Tg, the additional thermal energy allows the epoxy to transition to its rubbery state. The
chains become more mobile and are able to occupy more space and cause the volume of the
material to increase at a greater rate, as shown in Figure 43. As expected, Epoxy 2 exhibited less
thermal expansion than Epoxy 1 and 3 over the temperature range of measurements (Figure 43).
The difference in expansion between epoxy systems is believed to be driven by the differences in
Tg, as the Tg of Epoxy 2 is significantly greater than the Tg of both Epoxy 1 and 3 (Table 14). In
Figure 54, the CTE plots are used to estimate the glass transition temperatures of each tested
epoxy, which show that based on the plots, Epoxy 2 has the highest Tg, while Epoxy 1 has a
lower Tg, and Epoxy 2 has the lowest. The numerical estimations in Figure 54 differ slightly from
the values in Table 15, but the relative order of epoxies based on Tg agree. Additional data
should be collected on how the CTE varies with samples of the same epoxy formulation, but
different mix ratios.
Table 14. Comparison of Torsion and CTE extracted Tg
Epoxy
1
2
3

Curing Agent Chemistry
Triamine with aliphatic chain;
Cycloaliphatic amine
Substituted amine;
Amine adduct;
Aliphatic amine
Polyglycol diamine
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Figure 54. Relationship of CTE with chain mobility of epoxy network using CTE data from Epoxy
1, 2, and 3, on-ratio samples.
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The thermal stabilities of Epoxy 1 samples were explored to look for changes related to a
change in the ratio of A to B. As the amount of Part A was increased, the thermal stability
increased slightly as the sample with ratio of 4.0 : 1 began to degrade at a higher temperature
than the samples with ratio of 1.9 : 1 and 1.0 : 1 (Figure 44). Despite limited data, the increase in
thermal stability was believed to be caused by the increase in cyclic aromatic components that
are included in Part A. Cyclic aromatic molecules are known to improve thermal stability due to
the rigidity they add to the epoxy network, as well as the strong intermolecular forces they have.
Additional samples of different epoxy systems were tested (Appendix C), but more data should be
collected for identifying generalized trends. It appears the mix ratio can influence the thermal
stability of the epoxy due to the change in chemical components present in the sample rather
than due to changes in the crosslinked structure of the material.
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5. CONCLUSIONS
Identifying alternative methods to modify the epoxy material properties without changing
the chemical composition of the formulation is of great interest to avoid a change in materials of
construction. It may be desirable to use the epoxy for multiple applications within a product,
including applications as a potting adhesive, structural adhesive, or sealing adhesive. While a
structural adhesive may require low coefficient of thermal expansion and great mechanical
strength with low compliance, a sealing adhesive might require greater compliance to
accommodate stresses from thermal expansion and avoid delamination, cracking, or failure in the
sealing. Bioprocess end-users prefer products composed of as few different materials as
possible; therefore, using a single epoxy to meet the requirements of different applications would
be desirable. In order to accommodate that need, this study confirmed that there are methods
outside of altering the epoxy formulation that can be used to control epoxy material properties.
The mix ratio and post-cure heat treatment (annealing) were found to influence the crosslink
density, and therefore influence the glass transition temperature, solvent resistance, and
compliance of the final epoxy. The mix ratio also influences the ratio of chemical components
present in the material, which is believed to affect the thermal stability of the final material. A
deeper understanding of epoxy behaviors and effects of formulation chemistry as well as
variations in mix ratio on final material properties can improve the ability to predict epoxy
performance under different environmental conditions. This is critical in optimizing manufacturing
processes that incorporate epoxies in their products. To summarize, the following are the key
findings of this study:
•

DMA with torsion clamps is a superior method to measure the glass transition
temperature of epoxy due to its sensitivity to material viscoelastic properties.

•

The annealing cycle finalizes the epoxy network structure, but the parameters must be
optimized carefully to ensure that an adequate temperature ramp and maximum
temperature are used to produce a final epoxy with a uniformly crosslinked network.

•

For all epoxy systems there exists a single mix ratio that produces a sample with a
maximum glass transition temperature due to maximized crosslink density for that
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system, though this does not guarantee that the mix ratio is universally optimal for all
applications.
•

The mix ratio can be used to control some epoxy performance properties, but not all.
Some changes in properties occur due to changes in crosslink density, while other
changes in properties may occur due to changes in the presence of chemical
components.

•

The curing agent chemistry can influence how much of an effect variation in the mix ratio
has on the final epoxy properties.
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APPENDIX A: Polyurethane
Polyurethane Background
Polyurethanes are another common thermoset polymer composed of urethane, or
carbamate, linkages. Urethanes are most commonly formed through the reaction between an
alcohol and isocyanate (Figure 55).12 Polyurethanes are able to form hydrogen bonds between
the amide hydrogen of one chain and the carbonyl oxygen of another chain.12 When a cured
polyurethane material is placed under mechanical stress, the energy can be absorbed by
separation of hydrogen bonds, which can then reform when the stress is removed.12 This
mechanism reduces the probability of irreversible covalent bond breaking that would lead to
mechanical failure.12 The ability of urethanes to hydrogen bond also makes the material highly
susceptible to swelling due to hydrogen bond interactions with water molecules, which results in a
plasticizing effect.12
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Figure 55. General reaction scheme for typical urethane reaction.

There are two major limitations to polyurethanes – cost and toxicity. The high toxicity
hazard stems from the isocyanate reactivity with hydroxyl, amine, and carboxylic acid groups
near room temperature, which are the same groups that are attached to proteins and other
materials in human bodies.12 The risk of handling isocyanates is easily decreased by increasing
the molecular weight through the formation of oligomers. This decreases the vapor pressure of
the isocyanate and the ability for the molecules to permeate through skin.12 Despite mitigation of
toxicity risks, isocyanates must still be handled with care to avoid sensitization, which can vary in
severity from hives and asthma when in close contact to an inability to be in the same building as
isocyanates.12
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Isocyanates can participate in a number of side reactions that could inhibit the formation
of a polyurethane. These are listed in Table 15, but one of the most problematic side reactions is
that between isocyanate and water. This reaction forms an amine, and the produced amine can
rapidly react with another isocyanate to form urea.12 Therefore, it is critical that isocyanates are
stored properly until use to avoid side reactions with water vapor. Moisture sensitivity is the
greatest challenge when handling isocyanates for polyurethanes because the side reaction with
water leads to CO2 bubble formation that can hinder the final product performance.12

Table 15. Side reaction summary of isocyanates
Reactants
Isocyanate + Urethane
Isocyanate + water
Isocyanate + 1°/2° amines
Isocyanate + urea
Isocyanate + -COOH

Products
Allophanates
Unstable carbamic acids = CO2 + amine
Urea (Fast)
Biuret
Amide + CO2

Similar to epoxy systems, polyurethanes are often found in 2K packages due to the high
reactivity of the isocyanate. As such, polyurethanes also come with manufacturer
recommendations for mix ratios. Polyurethanes and epoxies are both used in biopharmaceutical
devices, particularly for potting in hollow fiber filtration modules. In this study, a brief comparison
of the two types of adhesives was completed with respect to their applicability in the filtration
device manufacturing.

Polyurethane Results
The polyurethane samples were tested in DMA torsion to determine if it exhibited similar
behavior to the epoxies. The glass transition temperatures shown in Figure 56 are based on the
tan(δ) peak of the DMA torsion data, which is shown in Figure 57. The on-ratio 1.0 : 1 sample did
not exhibit a maximum Tg. Attempts to prepare additional samples of greater Part A : B ratios
were unsuccessful because side reactions with water were creating large amounts of bubbles
through the entirety of the samples. Testing these samples in DMA torsion would give inaccurate
data and artificially low Tg values as a result of the air voids throughout the slabs. Attempts were
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unsuccessful with the use of a vacuum oven to remove air bubbles that may form because the
polyurethane mixture was too viscous and the bubbles under vacuum would cause the entire
sample to expand as the air bubbles did not pop.

Glass Transition Temperature /°C
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Figure 56. Glass transition temperatures of polyurethane samples.

Figure 57. Tan(δ) plots from DMA torsion tests on polyurethane samples.
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APPENDIX B: Solvent Soak Results

Figure 58. Tan(δ) plots of an Epoxy 2 slab before and after being soaked in DCM.

Figure 59. Tan(δ) plots of an Epoxy 3 slab before and after being soaked in DCM.
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1.0 : 1

2.0 : 1

2.9 : 1

4.0 : 1

Figure 60. Remaining residue left in vials after Epoxy 5 samples were soaked in DCM for an
equal amount of time, with the red star indicating the sample with maximum Tg and the green plus
indicating the sample of the manufacturer recommended ratio.

1.0 : 1

1.5 : 1

2.0 : 1

2.17 : 1

2.5 : 1

3.0 : 1

3.5 : 1

4.0 : 1

Figure 61. Remaining residue left in vials after Epoxy 3 samples were soaked in DCM for an
equal amount of time, with the red star indicating the sample with maximum Tg and the green plus
indicating the sample of the manufacturer recommended ratio.
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1.0 : 1

1.5 : 1

2.0 : 1

3.0 : 1

3.5 : 1

4.0 : 1

2.4 : 1

Figure 62. Remaining residue left in vials after Epoxy 5 samples were soaked in DCM for an
equal amount of time, with the red star indicating the sample with maximum Tg and the green plus
indicating the sample of the manufacturer recommended ratio.
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APPENDIX C: TGA for Different Epoxy Systems
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Figure 63. The thermal degradation behavior of Epoxy 1, 2, 3, and 4.
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APPENDIX D: Tan(δ) Plots for Anneal Study Samples

Figure 64. Tan (δ) plots for Epoxy 1, off-ratio samples annealed with the fast annealing cycle and
the slow annealing cycle.

Figure 65. Tan (δ) plots for Epoxy 1, on-ratio samples annealed with the fast annealing cycle and
the slow annealing cycle.
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Figure 66. Tan (δ) plots for Epoxy 2, on-ratio samples annealed with the fast annealing cycle and
the slow annealing cycle.

Figure 67. Tan (δ) plots for an Epoxy 1, off-ratio sample that was initially annealed with a fast
annealing cycle, then annealed with a slow annealing cycle and re-tested.
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Figure 68. Tan (δ) plots for an Epoxy 1, on-ratio sample that was initially annealed with a slow
annealing cycle, then annealed with a fast annealing cycle and re-tested.

Figure 69. Tan (δ) plots for an Epoxy 2, on-ratio sample that was initially annealed with a slow
annealing cycle, then annealed with a fast annealing cycle and re-tested.
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Figure 70. Tan (δ) plots for an Epoxy 2, off-ratio sample that was initially annealed with a fast
annealing cycle, then annealed with a slow annealing cycle and re-tested.

Figure 71. Tan (δ) plots for an Epoxy 4, on-ratio sample that was initially annealed with a slow
annealing cycle, then annealed with a fast annealing cycle and re-tested.
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Figure 72. Tan (δ) plots for an Epoxy 4, on-ratio sample that was initially annealed with a fast
annealing cycle, then annealed with a slow annealing cycle and re-tested.
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